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Introduction

Three tasks have been proposed in this project: 1) Examine the clinical significance and the role of
AKT2 activation/overexpression in ovarian cancer in vitro and in vivo;, 2) Define the role of AKT2
interacting protein APBP in AKT2 signaling and OSE transformation; and 3) Examine AKT2 in
chemoresistance and the effects of combination of FTIs and cisplatin or paclitaxel on ovarian cancer,
especially drug-resistance ovarian cancer cell growth.

Body:

During the last budget year, we have determined biological significance of
activation/overexpression of PI3K/AKT2 pathway in human ovarian cancer and examined the
PI3K and AKT?2 as targets for ovarian cancer intervention.

1. PI3K/AKkt activation contributes to chemoresistance.

We have previously shown a significant increase of Akt kinase activity and AKT2 protein
levels in primary ovarian carcinomas (1, 2). To determine the biological significance of AKT2
alterations in human ovarian cancer, cisplatin sensitive (A2780S and OV2008) and resistance
(A2780CP and C13) ovarian cancer cell lines were stably transfected with DN-AKT2 and
constitutively active AKT2 (Myr-AKT?2), respectively. Cell growth and Tunel assay analyses
revealed that Myr-AKT?2 transfected A2780S and OV2008 became resistant to cisplatin, whereas
DN-AKT?2 sensitized A2780CP and C13 cells to cisplatin-inhibited tumor cell growth (Fig. 1 and
data not shown).

A Fig. 1. Activation of AKT2 in ovarian
A2780CP A27808 cancer cells contributes to

- . chemoresistance. (A) Western blotting

analyses of AKT2 expression. Cisplatin
resistance (A2780CP) and sensitive
(A2780S) cell lines were stably
transfected with HA-tagged dominant
negative (DN) AKT2 and constitutively
active AKT2 (Myr-AKT2), respectively.
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2. AKT?2 inhibition of cisplatin-induced JNK/p38 activation and Bax conformational
change by phosphorylation of ASK1.

Cisplatin and its analogues have been widely used for treatment of human ovarian cancer.
However, most patients eventually develop resistance to treatment through a mechanism that
remains obscure. Previously, we found that AKT2 is frequently overexpressed and/or activated
in human ovarian and breast cancers (3). Here we demonstrate that constitutively active AKT2
renders cisplatin-sensitive A2780S ovarian cancer cells resistant to cisplatin, whereas
phosphatidylinositol 3-kinase inhibitor or dominant negative AKT2 sensitizes A2780S and
cisplatin-resistant A2780CP cells to cisplatin-induced apoptosis through regulation of the
ASK1/INK/p38 pathway. AKT2 interacts with and phosphorylates ASK1 at Ser-83 resulting in
inhibition of its kinase activity. Accordingly, activated AKT2 blocked signaling down-stream of
ASK1, including activation of JNK and p38 and the conversion of Bax to its active
conformation. Expression of nonphosphorylatable ASK1-S83A overrode the AKT2-inhibited
INK/p38 activity and Bax conformational changes, whereas phosphomimic ASK1-S83D
inhibited the effects of cisplatin on JNK/p38 and Bax. Cisplatin-induced Bax conformation
change was inhibited by inhibitors or dominant negative forms of JNK and p38. In conclusion,
our data indicate that AKT2 inhibits cisplatin-induced JNK/p38 and Bax activation through
phosphorylation of ASK1 and thus, plays an important role in chemoresistance. Further,
regulation of the ASKI1/INK/p38/Bax pathway by AKT2 provides a new mechanism
contributing to its antiapoptotic effects. This work has been published in J. Biol. Chem.
278:23432-23440, 2003 (see appendix).

3. FTI sensitizes ovarian cancer cells to apoptosis.

To determine if inhibition of AKT2 pathway sensitizes chemotherapeutic drug-induced
programmed cell death in human ovarian cancer cells, cisplatin resistance A2780CP and C13
cells were treated with cisplatin together with or without PI3K inhibitor LY294002 and
farnesyltransferase inhibitor (FTI), which has been shown by us to specifically inhibit
PI3K/AKT2 pathway (4). Apoptosis was significantly induced by treating the cells with
cisplatin/LY294002 or cisplatin/FTI as compared to cisplatin alone. These data indicate that
PI3K/Akt pathway is a critical target for ovarian cancer intervention. The reagents targeting
PI3K or Akt could be potential drugs for ovarian cancer treatment, especially in chemoresistant
tumors.

4. GGTI inhibits AKT2 and surviving pathways to induced apoptosis in ovarian cancer
cells regardless p53 status.

Geranylgeranyltransferase I inhibitors (GGTIs) represent a new class of anti-cancer drugs.
However, the mechanism by which GGTIs inhibit tumor cell growth is still unclear. Here, we
demonstrate that GGTI-298 induces apoptosis in both cisplatin sensitive and resistant human
ovarian epithelial cancer cells by inhibition of PI3K/AKT1/2 and survivin pathways. Following
GGTI-298 treatment, kinase levels of PI3K and AKT1/2 were decreased and survivin expression
was significantly reduced. Ectopic expression of either constitutively active AKT2 or survivin
rescues human cancer cells from GGTI-298-induced apoptosis. Previous studies have shown
that Akt mediates growth factor-induced survivin, whereas p53 inhibits survivin expression.

5



However, constitutively active AKT2 failed to rescue GGTI-298 downregulation of survivin.
Further, GGTI-298 suppresses survivin expression and induces programmed cell death in both
wild type p53 and p53-deficient ovarian cancer cell lines. These data indicate that GGTI-298
induces apoptosis by targeting PI3K/AKT and survivin parallel pathways independent of p53,
and thus, GGTI-298 could be a valuable agent to overcome anticancer drug resistance (see
appendix).

Kev Research Accomplishment

1 Activation of AKT2 in human ovarian cancer contributes to chemoresistance.

2 AKT?2 inhibits of cisplatin-induced JNK/p38 and Bax activation by phosphorylation of
ASK1, suggesting AKT2 contributes to the development of drug resistance in ovarian
cancer. Therefore, development reagent(s) to target AKT2 will greatly benefit to breast
cancer intervention.

3 Inhibition of PI3K/AKT2 pathway by PI3K inhibitor and FTI sensitizes cisplatin resistant
ovarian cancer cells to apoptosis.

4 GGTI overcomes cisplatin resistance in ovarian cancer cells with either mutant or wild

type p53.

Reportable Outcomes

Publication:

1 Yuan Z, Feldman RI, Sussman GE, Coppola D, Nicosia SV, Cheng JQ. AKT2 Inhibition
of Cisplatin-induced JNK/p38 and Bax Activation by Phosphorylation of ASKI:
IMPLICATION OF AKT2 IN CHEMORESISTANCE. J. Biol. Chem. 278: 23432-
23440, 2003.

2 Dan HC, Coppola D, Jinag K, Liu A, Hamilton AD, Nicosia SV, Sebti SM, Cheng JQ.
Inhibition of Phosphatidylinositol-3-OH Kinase/Akt and Survivin Pathways by
Geranylgeranyltransferase I Inhibitor-298 Induces Apoptosis in Human Ovarian Cancer
Cells. Oncogene, Accepted

3 Gritsko TM, Coppola D, Paciga JE, Yang L, Sun M, Shelley SA, Fiorica JV, Nicosia SV,
Cheng JQ. Activation and Overexpression of Centrosome Kinase BTAK/Aurora-A in
Human Ovarian Cancer. Clin Cancer Res. 9:1420-1426, 2003.

Abstract/presentation

1. Yuan Z, Feldman RI, Sussman GE, Coppola D, Nicosia SV, Cheng JQ. AKT2 Inhibition
of Cisplatin-induced JNK/p38 and Bax Activation by Phosphorylation of ASKI:
Implication of AKT2 in Chemoresistance. 94™ American Association for Cancer
Research Annual Meeting, 2203.



2. Gritsko TM, Coppola D, Paciga JE, Yang L, Sun M, Shelley SA, Fiorica JV, Nicosia SV,
Cheng JQ. Alterations of Aurora-A oncogene in human ovarian cancer. 94™ American
Association for Cancer Research Annual Meeting, 2203.

3. Yuan Z, Kaneko S, Coppola D, Nicosia SV, Cheng JQ. Akt-interacting protein, APaB,
mediates PI3K/Akt survival signal through activation of PAK1 and NFkB pathways. 94
American Association for Cancer Research Annual Meeting, 2203.

4. Kaneko S, Yang L, Paciga J, Yu H, Nicosia SV, Jove R, Cheng JQ. Transcriptional
Upregulation of AKT2 by Stat3 and Src. 19™ Annual Meeting on Oncogene, 2003.

5. Dan DC, Sun M, Feldman RI, Nicosia SV, Wang H-G, Tsang B, Cheng, JQ. Akt
Regulates X-linked inhibitor of apoptosis, XIAP: A Mechanism to Antagonize Cisplatin-
Induced Apoptosis in Human Ovarian Epithelial Cancer Cells. 19" Annual Meeting on
Oncogene, 2003.

6. Sun M, Yuan Z, Yang L, Feldman RI, Yeatman TJ, Jove R, Nicosia SV, Cheng JQ.
AKT?2 Inducible Gene hHb1-AN Feedback Activates PI3K/Akt Pathway and Promotes
Cell Proliferation and Cell Survival. 19™ Annual Meeting on Oncogene, 2003.

7. Yang L, Sun M, Yang H, Dan HC, Nicosia SV, Cheng JQ. Akt/PKB Inhibits
HtrA2/Omi-stimulated Apoptosis through Direct Disruption of its Serine Protease
Activity. 19™ Annual Meeting on Oncogene, 2003.

8. Yuan Z, Feldman RI, Sussman GE, Coppola D, Nicosia SV, Cheng JQ. ASK1 is a target
to overcome Akt induced cisplatin resistance. 19™ Annual Meeting on Oncogene, 2003.

9. Cheng JQ. Akt and prenylation inhibitors as potential reagents to overcome p53-
assocated chemoresistance in human ovarian cancer. The Gynecologic Oncology Group
Meeting, 2003.

Conclusions

1. AKT?2 pathway plays a pivotal role in ovarian cancer chemoresistance.
2. AKT?2 inhibition of JNK/p38 and Bax by phosphorylation of ASK1.
3. FTIand GGTI overcome cisplatin resistance in human ovarian cancer.
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Cisplatin and its analogues have been widely used for
treatment of human cancer. However, most patients
eventually develop resistance to treatment through a
mechanism that remains obscure. Previously, we found
that AKT?2 is frequently overexpressed and/or activated
in human ovarian and breast cancers. Here we demon-
strate that constitutively active AKT?2 renders cisplatin-
sensitive A2780S ovarian cancer cells resistant to cispla-
tin, whereas phosphatidylinositol 3-kinase inhibitor or
dominant negative AKT2 sensitizes A2780S and cispla-
tin-resistant A2780CP cells to cisplatin-induced apo-
ptosis through regulation of the ASK1/JNK/p38 path-
way. AKT2 interacts with and phosphorylates ASKI1 at
Ser-83 resulting in inhibition of its kinase activity. Ac-
cordingly, activated AKT2 blocked signaling down-
stream of ASK1, including activation of JNK and p38
and the conversion of Bax to its active conformation.
Expression of nonphosphorylatable ASK1-S83A over-
rode the AKT2-inhibited JNK/p38 activity and Bax con-
formational changes, whereas phosphomimic ASKI-
$83D inhibited the effects of cisplatin on JNK/p38 and
Bax. Cisplatin-induced Bax conformation change was
inhibited by inhibitors or dominant negative forms of
JNK and p38. In conclusion, our data indicate that AKT2
inhibits cisplatin-induced JNK/p38 and Bax activation
through phosphorylation of ASK1 and thus, plays an
important role in chemoresistance. Further, regulation
of the ASK1/JNK/p38/Bax pathway by AKT2 provides a
new mechanism contributing to its antiapoptotic
effects.

Although cisplatin and its analogues, the DNA cross-linking
agents, are first-line chemotherapeutic agents for the treat-
ment of human ovarian and breast cancers, chemoresistance
remains a major hurdle to successful therapy (1. 2). Several
molecules have been implicated in cisplatin resistance, includ-

*This work was supported in part by NCI, National Institutes of
Health Grants CA77935 and CA89242 and United States Department
of Defense Grants DAMD 17-01-1-0397 (to Z.-Q. Y.), DAMD17-00-0559,
DAMD 17-01-1-0394, and DAMD17-02-1-0671. The costs of publication
of this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in ac-
cordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 Predoctoral Fellowship awardee from the United States Depart-
ment of Defense.

** To whom correspondence should be addressed: Dept. of Pathology,
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Cancer Center, 12901 Bruce B. Downs Blvd.. MDC Box 11, Tampa, FL
33612. Tel.: 813-974-8595; Fax: 813-974-5536: E-mail: jcheng@hsc.
usf.edu.
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ing decreased cellular detoxication (3, 4), increased DNA repair
(5), and mutations of p53 tumor suppressor gene (6, 7). How-
ever, the mechanisms involved in cisplatin resistance are still
poorly understood. A growing body of evidence indicates that
defects in the intra- and extracellular survival/apoptotic path-
ways are an important cause of resistance to cytotoxic agents.

Phosphatidylinositol 3-kinase (PISK)Y/Akt is a major cell
survival pathway that has been extensively studied recently
(8). PI3K is a heterodimer composed of a p85 regulatory and a
pll0 catalytic subunit and converts the plasma membrane
lipid phosphatidylinositol 4-phosphate and phosphatidylinosi-
tol 4,5-bisphosphate to phosphatidylinositol 3,4,-bisphosphate
and phosphatidylinositol 3,4,5-trisphosphate. Pleckstrin ho-
mology domain-containing proteins, including Akt, accumulate
at sites of PI3K activation by directly binding to phosphati-
dylinositol 3.4,-bisphosphate and phosphatidylinositol 3,4,5-
trisphosphate. Akt (also known as PKB) represents a subfamily
of serine/threonine kinases. Three member of this family, in-
cluding AKT1, AKT2, and AKT3, have been identified so far.
Akt is activated in a PI3K-dependent manner by a variety of
stimuli, including growth factors, protein phosphatase inhibi-
tors, and stress (9-12). Downstream targets of Akt contain the
consensus phosphorylation sequence RXRXX(S/TYF/L) (13).
Several targets of Akt that have been identified have roles in
the regulation of apoptosis. such as the proapoptotic proteins
BAD and caspase-9 and transcription factor FKHRL1. Phos-
phorylation by Akt blocks BAD binding to Bclx,, inhibits
caspase-9 protease activity, and blocks FKHRL1 function, re-
ducing Fas ligand transcription (14-16).

Among Akt family members, AKT2 has been shown to be
predominantly involved in human malignancies including
ovarian cancer. We have demonstrated previously amplifica-
tion of the AKT?2 in a number of human ovarian cancer cell
lines and recently detected frequently elevated protein and
kinase levels of AKT2 in about a half of primary ovarian car-
cinoma examined (17, 18). Moreover, ectopic expression of wild
type of AKT2 but not Akt1 in NITH 3T3 cells resuited in malig-
nant transformation (19). Inhibition of PIBK/AKT2 by farne-
syltransferase inhibitor-277 induced apoptosis in ovarian can-
cer cells that overexpress AKT2 (20). We have also shown that
TNF« and extracellular stresses, including UV irradiation,
heat shock, and hyperosmolarity, induce AKT2 kinase and that

! The abbreviations used are: PI3K. phosphatidylinositol 3-kinase;
ASK]1, apoptosis signal-regulating kinase 1; JNK, ¢-Jun NH,-terminal
kinase; PARP, poly(ADP-ribose) polymerase: HA, hemagglutinin;
DMEM, Dulbecco's modified Eagle’s medium; TNFa, tumor necrosis
factor «; GST, glutathione S-transferase: HEK, human embryonic kid-
ney; MKK, mitogen-activated protein kinase kinase.
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AKT2 Inhibits ASK1/JNK/p38/Bax by Phosphorylation of ASK1

activated AKT2 inhibits JNK/p38 activity to protect cells from
TNFa and cellular stress-induced apoptosis (21).

JNK and p38 are predominantly activated through environ-
mental stresses. including osmotic shock. UV radiation, heat
shock, oxidative stress, protein synthesis inhibitors, stimula-
tion of Fas, and inflammatory cytokines such as TNFa and
interleukin-1. Stimulation of JNK/p38 activity has also been
shown to be critical for cisplatin-induced apoptosis in some
cancer cells (22, 23). Specific inhibition of JNK or p38, through
small molecule inhibitors, dominant negative JNK/p38 mu-
tants, or knock-out of JNK expression, suppresses various
types of stress-induced apoptosis (24). Although it has been
shown that JNK phosphorylates and inhibits antiapoptotic pro-
tein Bcl-2 (25), the mechanism of JNK/p38 induction of apo-
ptosis is still not well understood.

Apoptosis signal-regulating kinase 1 (ASK1) is a member of
the mitogen-activated protein kinase kinase kinase family that
activates both the SEK1-JNK and MKK3/MKK6-p38 signaling
cascades (26-28). ASK1 is a general mediator of cell death in
responds to a variety of stimuli, including oxidative stress (29,
30) and chemotherapeutic drugs such as cisplatin and pacli-
taxel (22, 23). Ectopic expression of ASK1 induced apoptosis in
various cell types (26, 28). Furthermore, disruption of the
ASK]I gene in mice causes a remarkable reduction in sensitiv-
ity to stress-induced cell death, such as that promoted by TNFa
or oxidative stress (33). These data indicate that ASK1 plays a
key proapoptotic function through promoting the sustained
activation of JNK/p38 mitogen-activated protein kinases.

In the present study, we show that AKT2 activity promotes
resistance to cisplatin-induced apoptosis in A2780S ovarian
cancer cells through the inhibition of the ASK1/JNK/p38 path-
way. In A2780S cells, we show that AKT2 complexes with and
phosphorylates ASK1 at Ser-83 within a consensus Akt phos-
phorylation site on this molecule. This results in inhibition of
ASKI1 activity and the blocking of JNK and p38 activation. We
also show that these latter activities are required for cisplatin-
induced apoptosis in A2780S cells. Furthermore, in response to
cisplatin, we observe that ASK1 and JNK/p38 promote Bax con-
formational change. Collectively, these studies indicate that
AKT?2 may be an important mediator of chemoresistance through
its regulatory effects on the ASK1/JNK/p38/Bax pathway.

EXPERIMENTAL PROCEDURES

Reagents—Cisplatin, LY294002, and anti-Bax (6A7) were obtained
from Sigma. DMEM and fetal bovine serum were purchased from In-
vitrogen. Anti-phospho-Akt (Ser-473), anti-cleaved PARP, anti-phos-
pho-JNK (p54/44), anti-phospho-extracellular signal-regulated kinase
1/2(44/42), anti-phospho-p38. anti-phospho-mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase 1/2, and anti-mito-
gen-activated protein kinase/extracellular signal-regulated kinase ki-
nase /2 antibodies were obtained from Cell Signaling (Beverly, MA).
GST-c-Jun and GST-ATF6 were also purchased from Cell Signaling.
Anti-AKT?2, anti-Bax, and anti-ASK1 were obtained from Santa Cruz
Biotechnology. JNK inhibitor II and p38 inhibitor SB203580 were from
Calbiochem.

Cell Culture and Cisplatin Treatment—The human epithelial cancer
cell lines, A2780S and A2780CP, kindly provided by Benjamin K. Tsang
at The Ottawa Hospital. and human embryonic kidney (HEK) 293 cells
were cultured at 37 °C and 5% CO, in DMEM supplemented with 10%
fetal bovine serum. The cells were seeded in 60-mm Petri dishes at a
density of 0.5 X 10° cells per dish. After 24 h. cells were treated with
cisplatin (20 um) for the appropriate time as noted in the figure legends.

Expression Constructs—The cytomegalovirus-based expression con-
structs encoding wild type HA-AKT2 and constitutively active HA-Myr-
AKT2 have been described previously (31). The pcDNA,-HA-ASK1 con-
struct was kindly provided by Hidenori [hijo at Tokvo Medical and
Dental University. HA-ASK1-S83A and ASK1-S83D, as well as domi-
nant negative AKT2 with triple mutations (T309A, E299K. and S4744),
were created using the QuikChange site-directed mutagenesis kit
(Stratagene). JNK and p38 plasmids were obtained from Roger Davis at
the University of Massachusetts.
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FiG. 1. Activation of AKT2 renders cells resistant to cisplatin
and inhibits cisplatin-induced Bax conformational change and
caspase-3 cleavage. A, cisplatin-sensitive A27808 cells were stably
transfected with constitutively active AKT2 (A2780S-AA2) or pcDNA3
(A2780S-pcDNA3). Expression and kinase activity of transfected AKT2
were examined by Western blot and in vitro kinase assays (inser). The
cells were treated with cisplatin (CDDP; 20 uM) for indicated time and
analyzed by Tunel assay. Apoptotic cells were quantified in triple ex-
periments. B, Western blot analysis. The cells were treated with cispla-
tin and lysed. A portion of lysate was immunoprecipitated with anti-
active Bax (6A7) and detected with anti-total Bax antibody (fop panel).
The rest of the lysates were immunoblotted and probed with anti-
caspase-3 (second and third panels). anti-PARP (fourth panel), and
anti-actin (bottom panel) antibodies.

Immunoprecipitation and Immunoblotting—Cells were lysed in a
buffer containing 20 mm Tris-HCI (pH 7.5), 137 mM NaCl, 15% (v/v)
glycerol, 1% Nonidet P-40, 2 mM phenylmethylsulfonyl fluoride, 2 pg/ml
aprotinin and leupeptin, 2 mM benzamidine, 20 mM NaF, 10 mm NaPPi,
1 my sodium vanadate, and 25 mM B-glycerolphosphate. Lysates were
centrifuged at 12,000 X g for 15 min at 4 °C prior to immunoprecipita-
tion or Western blot. Aliquots of the cell lysates were analyzed for
protein expression and enzyme activity. For immunoprecipitation, ly-
sates were precleared with protein A-protein G (2:1)-agarose beads at
4 °C for 20 min. Following the removal of the beads by centrifugation,
lysates were incubated with appropriate antibodies in the presence of
25 pl of protein A-protein G (2:1)-agarose beads for at least 2 h at 4 °C.
The beads were washed with buffer containing 50 mu Tris-HCl (pH
7.5), 0.5 M LiCl, and 0.5% Triton X-10; twice with phosphate-buffered
saline: and once with buffer containing 10 mM Tris-HCI (pH 7.5), 10 mm
MgCl,,. 10 mm MnCl,, and 1 mM dithiothreitol. all supplemented with 20
mM B-glycerolphosphate and 0.1 mM sodium vanadate. The immuno-
precipitates were subjected to in vitro kinase assay or Western blotting
analysis. Protein expression was determined by probing Western blots
of immunoprecipitates or total cell lyvsates with the appropriate anti-
bodies as noted in the figure legends. Detection of antigen-bound anti-
body was carried out with the ECL Western blotting analysis system
(Amersham Biosciences).

In Vitro Kinase Assay—Protein kinase assays were performed as
described previously (21). Briefly, reactions were carried out in the
presence of 10 uCi of {y-*?P]ATP (PerkinElmer Life Sciences) and 3 pym
cold ATP in 30 pl of buffer containing 20 mum Hepes (pH 7.4), 10 mm
MgCl,, 10 mM MnCl,, and 1 mM dithiothreitol. 2 pg of myelin basic
protein was used as the exogenous substrate. After incubation at room
temperature for 30 min the reaction was stopped by adding protein
loading buffer, and proteins were separated on SDS-PAGE gels. Each
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experiment was repeated three times, and the relative amounts of
incorporated radioactivity were determined by autoradiography and
quantified with a Phosphorlmager (Molecular Dynamics).

In Vivo [**P|P, Labeling—HEK293 cells were co-transfected with
active AKT2 and HA-tagged ASK1 or pcDNA3 and labeled with [32P]P,
(0.5 mCi/mD) in phosphate- and serum-free DMEM medium for 4 h. Cell
lysates were subjected to immunoprecipitation with anti-HA antibody.
The immunoprecipitates were separated by 7.5% SDS-PAGE and trans-
ferred to membranes. Phosphorylated ASK1 band was visualized by
autoradiography. The expression of transfected ASK1 was detected
with anti-HA antibody.

Luciferase Reporter Assay—Cells were seeded in 6-well plate and
transfected with c-Jun or ATF6 reporter plasmid (pGl-GAL4), pSV2-8-
gal, and different forms (wild type, constitutively active. or dominant
negative) of HA-AKT2 together with or without different forms of ASK1
or vector alone. After 36 h of the transfection, luciferase and B-galac-
tosidase assays were performed according to the manufacturer’s proce-
dures (Promega and Tropix. respectively). Each experiment was re-
peated three times.

Tunel Assay—Cells were seeded into 60-mm dishes and grown in
DMEM supplemented with 107 fetal bovine serum for 24 h and treated
with 20 um cisplatin for different times. Apoptosis was determined by
Tunel assay using an in situ cell death detection kit (Roche Applied
Science). These experiments were performed in triplicate.

RESULTS

Activation of AKT2 Renders Cisplatin-sensitive Cells Resist-
ant to Cisplatin and Inhibits Cisplatin-induced Bax Conforma-
tional Change—We have shown previously (18, 34) frequent
activation of AKT2 kinase in human ovarian and breast can-
cers. To examine whether activation of AKT2 contributes to

chemoresistance in cancer cells, cisplatin-sensitive A2780S
cells were stably transfected with constitutively active AKT2
(A2780S-AA2) or pcDNA3 vector alone. Expression and kinase
activity of transfected constitutively active AKT2 were con-
firmed by Western blot and in vitro kinase analysis (Fig. 1A.
inset). Following treatment with cisplatin (20 uM) for 0, 1, 3, 6,
12, and 24 h, programmed cell death in A2780S-pcDNAS3 and
A2780S-AA2 (active AKT2) cells were examined by Tunel as-
say. The number of apoptotic cells was quantified by counting
three different microscopic fields. Three h after treatment.
A2780S-pcDNAS3 cells begun to undergo apoptosis. By 24 h of
treatment, 35% of the cells were apoptotic, which is a similar
response reported in the literature for parental A2780S cells
(35). However, we observed a distinctly lower percentage of
apoptotic cells at the time points 3, 6. 12, and 24 h in A2780S-
AA2 cells (Fig. 14), indicating that activation of AKT2 renders
cisplatin-sensitive A2780S cells resistant to cisplatin.

It has been shown that Bax is required for cisplatin-induced
apoptosis, i.e. cisplatin activates Bax by inducing its N-termi-
nal conformation change and then targeting it to mitochondria
resulting in cytochrome ¢ release and activation of apoptotic
pathway (36, 37). Thus, we next examined the effects of AKT2
activation on induction of Bax conformational changes by cis-
platin. After treatment with cisplatin, A27805-pcDNA3 and
A2780S-AA2 cells were lysed and immunoprecipitated with
anti-active Bax (6A7) antibody. The immunoprecipitates were
subjected to Western blot analysis with total anti-Bax anti-
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body. As shown in Fig. 1B, cisplatin promotes alteration of Bax
conformation after 3 h of treatment in A2780S-pcDNAS3 cells
but not in A2780S-AA2 cells. Accordingly, cleavage of caspase
3 and its substrate, PARP, was also inhibited by expression
of constitutively active AKT2 as compared with pcDNA3-
transfected A2780S cells (Fig. 1B).

AKT2 Inhibits Cisplatin- and ASKI-induced JNK and p38
Activation—It has been documented that stress kinases, JNK
and p38, are activated by cisplatin, and their activations are
required for cisplatin-induced programmed cell death (22, 23,
38). To examine whether the effect of cisplatin on JNK and p38
is abrogated by the activation of AKT2, A2780S-pcDNA3 and
A2780S-AA2 cells were treated with cisplatin at different
times. As expected, JNK and p38 were activated by cisplatin in
A2780S-pcDNA3 cells, and the activation of p38 took place
before that of JNK. However, the activation of JNK and p38
was reduced dramatically in A2780S cells transfected with a
constitutively active AKT2. No significant difference in the
phosphorylation levels of extracellular signal-regulated kinase
was observed between these two cell lines (Fig. 2A).

To explore the mechanism of AKT?2 inhibition of the JNK and
p38, we probed for direct interaction of these proteins by coim-
munoprecipitation. We were not, however, able to demonstrate
any interaction between AKT2 and JNK or p38 (data not
shown). As ASK1 is known to activate JNK/p38 and be induced
by cisplatin (32), and its overexpression is sufficient to induce
apoptosis (26, 28). we next examined whether AKT2 restrains
JNK and p38 activity through inhibition of ASK1. HEK293
cells were transfected with FLAG-JNK1 or FLAG-p38 and wild
type or kinase-dead ASK1 (KM-ASK1), with or without consti-
tutively active AKT2. After 36 h of transfection, cells were
lysed and immunoprecipitated with anti-FLAG antibody.
FLAG-JNK1 and FLAG-p38 immunoprecipitates were sub-
jected to in vitro kinase assays using GST-c-Jun and GST-
ATF2 as substrates. respectively. Repeated experiments rve-
vealed that kinase activities of JNK1 and p38 were
significantly induced by expression of wild type but not kinase-
dead ASK1 and that the activation of JNK and p38 was atten-
uated by ectopic expression of constitutively active AKT2 (Fig.
2, B and C). These data indicate that AKT2 may negatively
regulate ASK1, causing inhibition of cisplatin-induced JNK/
p38 activation and apoptosis.

AKT2 Interacts with, Phosphorviates, and Inhibits
ASKI—To examine whether ASKI1 is a direct target of AKT2,
co-immunoprecipitation was carried out with anti-AKT2 anti-
body and detected with anti-ASK1 antibody, and vice versa. As
shown in Fig. 3, A and B, interaction between ASK1 and AKT2
was readily detected, and this interaction was enhanced by
cisplatin treatment. Sequence analysis revealed that an AKT2
phosphorylation consensus site resides in ASK1 at residue
Ser-83, which is conserved between human and mouse. To
determine whether AKT?2 phosphorylates ASK1, in vitro AKT2
kinase assays were performed using immunoprecipitated HA-
ASK1 (wild type ASK1 or ASK1S83A) as substrates (Fig. 3C).
In addition, in vivo [32P)] labeling and immunoblotting analyses
with anti-phospho-Ser/Thr Akt substrate antibody were cur-
ried out in HEK293 cells transfected with ASK1 and constitu-
tively active or wild type AKT2 (Fig. 3D). Both in vitro kinase
and in vivo labeling experiments, as well as Western blot
analysis, showed that wild type and constitutively active AKT2
phosphorylate ASK1 at Ser-83 with the lower phosphorylation
level by wild type AKT2 (Fig. 3, C and D).

We next determined whether cisplatin-induced ASK1 activa-
tion is inhibited by AKT2 and. if it is, whether this inhibition
depends upon AKT2 phosphorvlation of ASK1 at Ser-83. Mu-
tagenesis was used to create a form of ASK1 not phosphorylat-
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Fi16. 3. AKT2 interacts with and phosphorylates ASK1 and in-
hibits ASK1 kinase activity. A and B, Western blot anaiyses of the
immunoprecipitates prepared from A2780S cells treated with or with-
out cisplatin. Immunoprecipitation was performed with anti-AKT2 and
detected with anti-ASK1 antibody (A) and vice versa (B). C. in vitro
kinase analysis of AKT2 immunoprecipitates derived from HEK293
cells that were transfected with indicated plasmids. Immunopurified
HA-ASK1 or HA-ASK1-583A was used as substrate ttop panel). The
bottom panel shows expression of transfected plasmids. ). in vivo
[**P)P, labeling. HEK293 cells were transfected with indicated expres-
sion constructs, labeled with [*“PIP,; (0.5 mCi/ml). and immunoprecipi-
tated with anti-HA antibody. The HA-ASK1 immunoprecipitates were
separated in SDS-PAGE. blotted. and exposed to x-ray film (¢op panel).
The membrane was then detected with anti-Akt substrate antibody
(middle panel) and anti-HA antibody (bottom panel). E, in vitro ASK1
kinase analysis of the immunoprecipitates prepared from A27808S cells
transfected with indicated plasmids and treated with cisplatin (20 M)
for 6 h. Myelin basic protein was used as substrate tfop panel). Expres-
sion of transfected different forms of ASK1 and AKT?2 was shown in the
second and third panels.

able by AKT2. ASK1-S83A, prepared by converting Ser-83 of
ASK1 to alanine. We also prepared ASK1-S83D. derived from
mutating Ser-83 of ASK1 to aspartic acid. which mimics ASK1
phosphorylated by AKT2. A2780S cells were transfected with
ASK1-S83A or ASK1-S83D, with or without constitutively ac-
tive AKT2. Following cisplatin treatment, ASK1s were immu-
noprecipitated. and in vitro ASK1 kinase assays were per-
formed using myelin basic protein as substrate. As shown in
Fig. 3E, cisplatin significantly induced the kinase activity of
both wild type ASK1 and nonphosphorylatable ASK1-S83A but
not AKT2 phosphomimic ASK1-S83D. Expression of constitu-
tively active AKT2 inhibited cisplatin-stimulated kinase activ-
ity of wild type ASK1 but not that of nonphosphorylatable
ASK1-S83A. These results indicate that ASK1 kinase activity
is negatively regulated by AKT2 through phosphorylation of
ASK1 at Ser-83.
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ever, they were inhibited by expression of constitutively active
AKT?2 (Fig. 4, A and B). Expression of nonphosphorylatable
ASK1-S83A was also sufficient to induce the reporter activities
and to attenuate the inhibitory action of constitutively active
AXT2. In contrast, phosphomimic ASK1-S83D failed to stimu-
late the reporter activities (Fig. 4, C and D). Moreover, the
effects of ASK1-S83A and ASK1-S83D on cisplatin-induced
JNK and p38 activation were similar to their action on Gal4-
c-Jun and Gal4-ATF6 reporters (Fig. 54). Therefore. we con-
clude that AKT?2 inhibits cisplatin-induced JNK and p38 via a
phosphorylation of ASK1-dependent manner.
Cisplatin-induced Bax Conformational Change Is Regulated
by AKT2 Phosphorylation of ASKI—Previous studies have
shown that JNK is required for UV- and cisplatin-induced Bax
conformational change (39). Our data demonstrate that ectopic
expression of constitutively active AKT2 overrides cisplatin-
induced ASK1/JNK/p38 activation and prevents formation of
the active Bax conformation (see Figs. 1 and 2). To more di-
rectly probe the effect of AKT2 phosphorylation of ASK1 on Bax
activation, we transfected A2780S cells with nonphosphorylat-
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F16. 5. AKT2 phosphorylation of ASK1 at Ser-83 plays a critical
role in cisplatin-induced JNK/p38 activation and Bax conforma-
tional change. A, immunoblotting analysis of A27808 cells transfected
with nonphosphorylatable and phosphomimic ASKI prior to treatment
with cisplatin. The blots were probed with the indicated antibodies. B,
Western blot analysis. A2780S cells were transfected with indicated
expression plasmids, treated with cisplatin, immunoprecipitated with
anti-active Bax antibody, and detected with anti-total Bax antibody (top
panel). Expression.of Bax was shown in the bottom panel.

able and phosphomimic ASK1 and treated the cells with or
without cisplatin. As revealed by immunoprecipitation and
Western blot analyses. ectopic expression of nonphosphoryl-
atable ASK1-S83A enhance cisplatin-dependent Bax confor-
mational change, whereas ASK1-S83D, mimicking ASK1
phosphorylated by AKT2, inhibited cisplatin-induced Bax
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activation (Fig. 5B versus Fig. 1B). These data suggest that
AKT?2 inhibition of cisplatin-stimulated Bax conformational
change is mediated at least to some extent by AKT2 phospho-
rylation of ASK1 at residue Ser-83.

Because JNK and p38 are downstream targets of ASK1, we
next examined their roles in ASK1-stimulated Bax activation
by using selective small molecule inhibitors of JNK and p38,
JNK inhibitor II and SB 203580. As illustrated in Fig 6A,
expression of ASK1 was sufficient to induce a Bax conforma-
tional change, and this effect was enhanced by cisplatin treat-
ment. However, the conformational change of Bax induced by
ASK1 and/or cisplatin was significantly diminished following
treatment of cells with JNK inhibitor II (10 uM) and p38 inhib-
itor, SB 203580 (10 uM), suggesting that JNK and/or p38 me-
diate cisplatin-induced Bax activation. To probe the individual
contributions of JNK and p38 in cisplatin-stimulated Bax ac-
tivation, we further examined the effects of small molecule
inhibitors of p38 and JNK and the expression of wild type and
dominant negative forms of these kinases. A2780S cells were
transfected with wild type or dominant negative JNK or p38,
together with ASK1, and treated with or without cisplatin
and/or inhibitor of JNK or p38. As shown in Fig. 6, B and C,
expression of wild type JNK or p38 enhanced ASK1- and cis-
platin-induced Bax activation, as expected. Furthermore, dom-
inant negative JNK or a small molecule JNK inhibitor signif-
icantly decreased the Bax activation induced by cisplatin
treatment or ectopic expression of ASK1 (Fig. 6B). We observed
that only slight inhibition of the Bax activation was in the cells
expressing dominant negative p38 or treated with p38 inhibitor
(Fig. 6C). These results indicate that cisplatin- and/or ASK1-
induced Bax activation is mediated primarily by JNK.

Inhibition of PISKIAKT2 Pathway Sensitizes Cells to Cispla-
tin-induced Apoptosis—Because activated AKT2 reduces the
cisplatin sensitivity of A2780S cells, we next examined the
ability of inhibition of the PIBK/AKT2 pathway to sensitize
cells to cisplatin-induced apoptosis. Cisplatin-resistant
A2780CP and A2780S cells were transfected with dominant
negative AKT2 or treated with PI3K inhibitor, LY294002. to-
gether with cisplatin. Tunel assay analyses revealed that ei-
ther LY294002 or ectopic expression of dominant negative
AKT?2 enhanced cisplatin-induced apoptosis as compared with
cells treated with cisplatin alone (Fig. 7, A and C). Accordingly,
cleavage of caspase-3 and PARP was increased by treatment of
cells with a combination of cisplatin with LY294002 or domi-
nant negative-AKT2 (Fig. 7, B and D). To examine the role
played by AKT2 phosphorylation of ASK1 in cisplatin-induced
apoptosis, we transfected A2780S cells with ASK1-S83A, which
is not phosphorylated by AKT2, ASK1-S83D, which mimics
AKT2 phosphorylation, and then induced apoptosis with cis-
platin. Notably, ectopic expression of ASK1-S83A significantly
augmented cisplatin-induced apoptosis. In contrast, expression
of ASK1-S83D conferred resistance to cisplatin (Fig. 7E). These
data further indicate that PI3K/AKT2 promotes cell survival
through phosphorylation and inhibition of ASK1 signaling.

DISCUSSION

We have demonstrated previously (18, 34) that AKT2 ki-
nase is frequently elevated in human ovarian and breast
cancers and that AKT2, like Aktl, exerts its anti-apoptotic
function through phosphorylation of Bad (20). However. the
biological role of AKT2 activation in human cancer and the
mechanism of AKT2-induced cell survival in a chemothera-
peutic setting have not been well documented. In this study,
we show that activation of AKT2 significantly increases the
resistance of ovarian cancer cells to cisplatin. AKT2 protects
cells from cisplatin-induced apoptosis by inhibiting cisplatin-
induced JNK/p38 activation and Bax conformational change.
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Fi6. 6. JNK and p38 mediate cisplatin- and ASK1-induced Bax
conformational change. A, Western blot analysis. A2780S cells were
transfected with ASK1 and treated with JNK inhibitor 11 (10 uM) and
SB 203580 (10 M) for 1 h prior to addition of cisplatin. [Following 16 h
of the further treatment, Bax conformational change was examined as
described above. B and C, immunoblotting analyses. A2780S cells were
transfected with indicated plasmids and treated with indicated re-
agents. Bax conformational change was evaluated as described above.
Both JNK inhibitor and dominant negative JNK exhibited more signif-
icant inhibitory effects on Bax activation than did p38 inhibitor and
dominant negative p38 (AF). All the experiment was repeated three
times.

AKT2 mediates these effects through its interaction and
phosphorylation of ASK1.

Cisplatin-induced JNK and p38 activations are required for
its anti-tumor activity (22, 23). This activation has been shown
to correlate with induction of apoptosis by cisplatin (22, 23).
Moreover, studies using dominant negative mutants of JNK
and p38 and specific pharmacological inhibitors have shown
that activation of JNK and/or p38 is necessary for stress or
chemotherapeutic drug-induced apoptosis (38, 40). Also, stud-
ies on fibroblasts with targeted disruptions of all the functional
Jnk genes established an essential role for JNK in UV- and
other stress-induced apoptosis (41). ASK1, an upstream regu-
lator of JNK/p38, has also been shown to be induced by cispla-
tin (32). Furthermore, oxidative stress-induced ASK1 kinase
activity is inhibited by Aktl (42). Consistent with this, we
demonstrate that activation of AKT2 inhibits cisplatin-induced
JNK and p38 through direct interaction with and phosphoryl-
ation of ASK1 at serine 83. We also demonstrate that phospho-
rylation of ASK1 by AKT2 renders cells resistant to cisplatin.
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Besides the direct inhibition of ASK1, AKT2 could regulate
JNK and p38 through other mechanisms. For example, NF«B-
induced X chromosome-linked inhibitor of apoptosis and
GADD458 down-regulate TNFa-induced JNK signaling (43,
44). We have demonstrated previously (21) that AKT2 inhibits
UV- and TNFa-induced JNK and p38 by activation of the NF«B
pathway (21). Therefore, we examined the possibility of AKT2
up-regulation of X chromosome-linked inhibitor of apoptosis
and GADD4583. Western and Northern blot analyses, however,
revealed no difference in X chromosome-linked inhibitor of
apoptosis and GADDA458 expression in A2780S cells trans-
fected with constitutively active AKT2 or the control plasmid,
pcDNA3 (data not shown). The possible reason is that cisplatin,
unlike UV and TNF g, is incapable of inducing the NF«B path-
way in A278S cells. In fact, our reporter assay revealed that
cisplatin inhibits rather than activates NF«B activity in
A2780S cells (data not shown). :

In the present study, we observed that the ability of AKT2 to
inhibit cisplatin-induced JNK/p38 was attenuated by nonphos-
phorylatable ASK1-S83A. Expression of phosphomimic ASK1-
$83D alone was sufficient to inhibit JNK/p38 activation (Fig.
4). In addition, ASK1-S83D exhibited effects similar to that of
constitutively active AKT2, i.e. rendered cells resistant to cis-
platin, whereas ASKI1-S83A sensitized cells to cisplatin-in-
duced apoptosis (Fig. 7E). Thus, we conclude that AKT2 inhi-
bition of cisplatin-stimulated JNK/p38 activation leading to
cisplatin resistance is mediated by AKT2 phosphorylation/in-
hibition of ASK1.

It has been demonstrated that cisplatin-induced Bax confor-
mational change is also important for cisplatin-stimulated apo-
ptosis (45). Bax is a pro-apoptotic member of the Bel2 family.
Accumulated evidence shows that death signals, including cis-
platin, induce a conformational change of Bax, leading to its
mitochondrial translocation, oligomerization or cluster forma-
tion, and cytochrome c release (46, 47). Recent studies from Bax
and/or Bak knock-out cells have shown that BH3-only proteins,
such as tBid, Bad, Puma. and Bim, are required for inducing
the activation of Bax and Bak by their direct interaction (48).
Moreover, Akt has been shown to effectively inhibit Bax con-
formational change and contribute to chemoresistance (49).
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However. the mechanism by which Akt blocks Bax activation is
poorly documented. We demonstrate in this report that ASK1
mediates at least in part cisplatin-induced Bax conformational
change. Ectopic expression of constitutively active AKT2 atten-
uates cisplatin-induced Bax activation by phosphorylation and
inhibition of ASK1. Downstream targets of ASK1, JNK, and
p38, especially JNK, mediate AKT2 inhibition of Bax confor-
mational change. These results are consistent with the recent
findings obtained from a Jnk-deficient cell model (39).

Accumulated evidence shows that AKT2 plays a more signif-
icant role in human oncogenesis than AKT1 and AKT3. Fre-
quent alterations of AKT2, but not AKT1 and AKTS3, were
detected in human cancers (18). Further, ectopic expression of
AKT2, but not AKT1 and AKT3, leads to increased invasion
and metastasis of human breast and ovarian cancer cells (50)
and to malignant transformation of mouse fibroblasts (19). We
observed in this study that A2780S cells expressing constitu-
tively active AKT2 became cisplatin-resistant whereas expres-
sion of dominant negative AKT2 or treatment with PI3K in-
hibitor sensitized both cisplatin-sensitive (A2780S) and
-resistant (A2780CP) ovarian cancer cells to cisplatin-induced
apoptosis. Moreover, cisplatin-induced programmed cell death
was enhanced by the expression of AKT2 nonphosphorylatable
ASK1-S83A. whereas it is inhibited by phosphomimic ASK1-
S83D. These data, therefore, indicate that activation of AKT2
contributes to cisplatin resistance by regulation of the ASK1/
JNK/p38/Bax pathway and that the PI3BK/AKT2/ASKI1 cascade
could be a critical therapeutic target for human cancer (Fig. 8).

A recent report (51) demonstrates that JNK and p38 phos-
phorylate BH3-only proapoptotic proteins Bim and Bmf, which
was thought to mediate UV-induced apoptosis through a Bax-
dependent mitochondrial apoptotic pathway (Fig. 8). Further
investigation is required to determine the molecular mecha-
nism by which ASK1/JNK/p38 regulates Bax activation in
ovarian cancer cells, i.e. whether ASK1 and/or cisplatin induce
Bim and Bmf phosphorylation and whether the phosphoryla-
tion is inhibited by PI3K/AKT?2 pathway.
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Geranylgeranyltransferase I inhibitors (GGTIs) represent a new class of anti-cgncer
drugs that show promise in blocking tumor growth. However, the mechanism by
which GGTIs inhibit tumor cell growth is still unclear. Here, we demonstrate that
GGTI-298 and GGTI-2166 induce apoptosis in both cisplatin sensitive and resistant
human ovarian epithelial cancer cells by inhibition of PI3K/AKT and survivin
pathways. Following GGTI-298 or GGTI-2166 treatment, kinase levels of PI3K and
AKT were decreased and survivin expression was significantly reduced.  Ectopic
expression of constitutively active AKT2 and/or surviving significantly rescue
human cancer cells from GGTI-298-induced apoptosis. Previous studies have
shown that Akt mediates growth factor-induced survivin, whereas p53 inhibits
survivin expression. However, constitutively active AKT2 failed to rescue the
GGT]Is downregulation of survivin. Further, GGTIs suppress survivin expression
and induce programmed cell death in both wild type p53 and p53-deficient ovarian
cancer cell lines. These data indicate that GGTI-298 and GGTI-2166 induce
apoptosis by targeting PI3K/AKT and survivin parallel pathways independent of
p53. Due to the fact that upregulation of Akt and survivin as well as inactivation of
p53 are frequently associated with chemoresistance, GGTI-298 and GGTI-2166

could be valuable agents to overcome anti-tumor drug resistance.
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Introduction

Geranylgeranylitransferase I and farnesyltransferase inhibitors (GGTIs and FTIs)
represent a new class of anti-cancer drugs that show promise in blocking tumor growth
(Sebti et al., 2000). These compounds were originally designed to block lipid
posttranslational modification of oncogenic Ras, which is essential for its function (Reiss
et al., 1990; Kohl et al., 1993). Prenylation of small G proteins such as Ras, Rho, and
Rac is critical to their cellular localization and function. Two types of prenyl
transferases, farnesytransferase and geranylgeranyltransferase (GGTase), have been
shown to catalyze protein prenylation. FTase catalyzes the transfer of farnesyl from
farnesylpyrophosphate to a cysteine at the carboxyl terminus of proteins ending in CAAX
where C is cysteine and A is an aliphatic amino acid, and X is methionine, serine,
cysteine, or glutamine. GGTase I, on the other hand, transfers geranylgeranyl from
geranylgeranylpyrophosphate to CAAX terminal sequences where X is leucine or
isoleucine. We have developed CAAX peptidomimetics such as GGTI-298 and FTI-277
as highly selective inhibitors of GGTase I and FTase, respectively (Sebti et al., 1997).
FTI-277 blocks potently oncogenic H-Ras processing and signaling. However, inhibition
of the processing of K-Ras, the most prevalent form of mutated Ras in human tumors,
becomes geranylgeranylated by GGTase | when FTase is inhibited. Therefore, both FTI-
277 and GGTI-298 are required for inhibition of K-Ras processing in human tumor (Sebti
et al., 1997). However, recent studies demonstrate that GGTI and FTI inhibit tumor cell
survival and growth by targeting other signaling molecules (Zeng et al., 2003; Jiang et al.,

2000; Sun et al., 1999).




Inhibitor of apoptosis proteins (IAPs) represent a conserved gene family that
protects against programmed cell death induced by a variety of apoptotic stimuli
(Deveraux et al., 1999). IAPs contain at least one BIR (baculovirus IAP repeat) domain
that binds to caspases 3, 7 and 9 to inhibit their activities. Survivin is the smallest known
IAP family protein and contains a single BIR domain with which it binds caspases and
prevents caspase-induced apoptosis (Altieri et al., 2003). In addition, survivin also plays
an important role in cell cycle control (Reed et al., 2001). Altered expression of survivin
appears to be a common event associated with the pathogenesis of human cancer;
survivin is overexpressed in many transformed cell lines and in common cancers, such as
those of the ovary, lung, colon, liver, prostate and breast (Altieri et al., 2003; Reed et al.,
2001). Reduced survivin expression causes apoptosis and sensitization to anticancer
drugs, suggesting that survivin expression is important for cell survival or

chemoresistance of certain carcinomas (Altieri et al., 2003; Tran et al., 2002).

Phosphatidylinositol-3-OH kinase/Akt is another major cell survival pathway that
has been recently extensively studied (Brazil et al., 2002). PI3K is a heterodimer
composed of a p85-regulatory and a pl10-catalytic subunit and converts the plasma
membrane lipid phosphatidylinositol-4-phosphate [PI(4)P1] and phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P2] to phosphatidylinositol-3,4,-bisphosphate [PI(3,4)P2] aﬁd
phosphatidylinositol-3,4,5-trisphosphate  [PI(3,4,5)P3]. Pleckstrin-homology (PH)

domain-containing proteins, including Akt, accumulate at sites of PI3K activation by

" directly binding to PI(3,4)P2 and PI(3,4,5)P3. Akt (also known as PKB) represents a




subfamily of the serine/threonine kinases. Three members of this family, including
AKTI1, AKT2, and AKT3, have been identified so far. Akt is activated by a variety of
stimuli, including growth factors, protein phosphatase inhibitors, and stress in a PI3K-
dependent manner (Franke et al., 1995; Datta et al., 1999). Several downstream targets
of Akt, each of which contains the Akt phosphorylation consensus sequence R-X-R-X-X-
S/T-F/L, have been identified (Datta et al., 1999), pointing to the possible mechanisms by
which Akt promotes cell survival and blocks apoptosis. Akt phosphorylates the
proapoptotic proteins BAD, caspase-9, and transcription factor FKHRLI, resulting in
reduced binding of BAD to Bcl-X], and inhibition of caspase-9 protease activity and Fas
ligand transcription (Datta et al., 1999). Moreover, alterations of Akt, especially AKT2,
have been frequently detected in human malignancy. Overexpression/activation of PI3K
and/or Akt renders cancer cells resistant to conventional chemotherapeutic drugs (Clark
et al., 2002; Cheng et al., 2002). It has also been shown that inactivation of PTEN and
p53 results in constitutive activation of Akt pathway. PTEN mutations lead to lost of its
lipid phosphatase activity, and thqs, it is unable to convert PI(3,4,5)P3 to PI(4,5)P2 (Datta
et al., 1999). P53 transcription factor has recently been found to bind to the promoters of
PTEN and p110a to induce PTEN and inhibit p110c transcription. Therefore, mutations
of p53 result in downregulation of PTEN and upregulation of p110a leading to activation

of Akt (Stambolic et al., 2001; Singh et al., 2002).

In the present study, we demonstrate that GGTI-298 and GGTI2166 target PI3K/AKT2
and survivin pathways leading to programmed cell death in cisplatin sensitive and

resistant human ovarian cancer cells via a p53-independent mechanism. Moreover,




AKT1 activation was also inhibited by GGTI-298 and GGTI-2166. As AKT2, but not
AKTI, is frequently altered in human cancer (Cheng et al., 1992; Cheng et al., 1996;

Yuan et al.,, 2000; Arboleda et al., 2003), we primary focused our study on AKT2.

Results and Discussion

GGTlIs Inhibit AKT2 and Induces Apoptosis in Cisplatin-Sensitive and Resistant Human

Ovarian Cancer Cells

We have previously demonstrated that GGTI-298 arrests NIH 3T3 cells and lung cancer

cells at G1 phase by upregulation of p21WAFCIP!

and hypophosphorylation of RB (Sun et
al., 1999; Adnane et al., 1998). We have also documented that GGTIs enhance the ability
of FTIs to induce apoptosis in drug-resistant myeloma (Xia et al., 2001) as well as
synergize with other anticancer drugs such as cisplatin, taxol, and gemcitabine to inhibit
human lung cancer cell growth in nude mice (Sun and Blaskovich et al., 1999). These
results implicate the role of geranylgeranylated proteins in cell survival control, yet the
involved mechanisms for inhibition of tumor growth and induction of apoptosis still
remain unclear. Our previous studies showed that constitutively active H-Ras
significantly activates PI3K/AKT2 and that the farnesyltransferase inhibitor, FTI-277,
suppresses the PI3K/AKT2 pathway leading to cell death in human cancer cell lines
(Jiang et al., 2000; Liu et al., 1998). These studies prompted us to examine the possible

involvement of the PI3K/AKT2 pathway in GGTI anti-tumor activity. A cisplatin-

sensitive (A2780S) and a cisplatin- resistant (A2780CP) ovarian cancer cell lines were




treated with GGTI-298 (15 pM) or GGTI-2166 (20 uM) in DMEM supplemented with
10% FBS for 0, 12, 24, 36 and 48 hours. Apoptosis and AKT?2 activation were analyzed
with Tunel assay and Western blot. Following GGTI-298 or GGTI-2166 treatment, both
cisplatin-sensitive A2780S and cisplatin-resistant A2780CP cells underwent programmed
cell death. Apoptotic cells reached approximately 70%-80% after 36 hours of treatment
without significant difference between these two cell lines (Fig. 1A), indicating that
GGTI-298 and GGTI-2166 are able to overcome cisplatin resistance in human ovarian

cancer cells.

Immunoblotting analysis of AKT2 immunoprecipitates with phosphor-Akt-Ser473
antibody revealed that GGTI-298 and GGTI-2166 inhibits AKT2 phosphorylation after
12 hours of treatment in both cisplatin sensitive and resistant cell lines. However, total
AKT?2 protein levels remained unchanged (Fig. 1B). Moreover, immunoblotting analysis
also showed that AKT1 phosphorylation was inhibited following GGTI treatment (data
not shown). These results suggest that GGTI may either directly or indirectly target Akt

signal transduction pathway to induce apoptosis.

GGTIs Target a Geranylgeranylated Protein(s) Upstream of PI3K/AKT2 Pathway

To demonstrate that GGTI-298 and GGTI-2166 actually suppress AKT2 kinase, A2780S
cells were treated with or without EGF (50 ng/ml) for 15 min following treatment with
GGTI-298 or GGTI-2166 for 12 hours. In vitro kinase assays were then performed on

AKT?2 immunoprecipitates as described under Experimental Procedures. As illustrated in




Fig. 2A, EGF-induced AKT?2 kinase activity was abrogated by GGTI-298 treatment. As
PI3K is an upstream activator of AKT2, we next examined whether GGTI-298 inhibits
PI3K activity. Following GGTI-298 treatment and EGF stimulation as described above
for AKT2 kinase assay, A2780S and A2780CP cells were immunoprecipitated with anti-
pan-p85 antibody. PI3K activity was examined by in vitro kinase analysis of the
immunoprecipitates using PI(4,5)P2 as a substrate. GGTI-298 attenuated EGF-
stimulated PI3K activation (F ig. 2C). However, GGTI-298 does not directly inhibit PI3K
and AKT?2 activities as determined by adding GGTI-298 to the kinase reaction in vitro
(Figs. 2B and 2D). In addition, GGTI-2166 exhibits the same effects on PI3K/Akt
activation as GGTI-298 (data not shown). These data imply that GGTI-298 and GGTI-
2166 are not direct inhibitors of PI3K and AKT2 but rather target a geranylgeranylated

protein(s) upstream of PI3K/AKT2 pathway.

Constitutively Active AKT2 Partially Rescues A2780S Cells from GGTIs-induced

Apoptosis

We reasoned that if GGTI-298 and GGTI-2166 inhibit a geranylgeranylated protein
upstream of PI3K/AKT2, then constitutively active AKT2 should overcome GGTIs-
induced apoptosis. A constitutively active AKT2 expression construct (HA-Myr-4K72)
or pcDNA; vector alone was stably transfected into A2780S cells. Western blot analysis
with anti-HA antibody revealed expressionvof HA-Myr-AKT2 in the transfectants (Fig.
3A). After treatment with GGTI-298 (15 uM) or GGTI-2166 (20 uM) for different times

in the presence of 10% FBS, apoptotic cells were observed in pcDNA;- and Myr-AKT2-




transfected A2780S cells. The percentages of apoptotic cells in pcDNA3-transfected
A2780S cells increased from 8% at time 0 to 80% after 48 hours of treatment with GGTI-
298 (Fig. 3B). These percentages are very similar to those reported in Figure 1A for non-
transfected parental A2780S cells. In contrast, GGTI-298 induced apoptosis by 40% at
time 48 hours of treatment in cells transfected with constitutively activated AKT2.
Similar effects were observed in the cells treated with GGTI-2166 (data not shown).
Therefore, constitutively active AKT2 only partially rescues A2780S cells from GGTIs
induced apoptosis (Fig. 3B), indicating that other cell survival signal molecule(s) must be

targeted by GGTI-298 and GGTI-2166 besides PI3K/Akt pathway.

GGTIs Downregulate the IAP Family Protein, Survivin

Numerous studies have shown that IAP family proteins play a critical role in cell survival
(Deveraux et al., 1999; Altieri et al., 2003; Reed et al., 2001; Tran et al., 2002). Among
the members of IAP family, only survivin is frequently overexpressed in human cancer
including ovarian carcinoma and ectopic expression of survivin renders ovarian cancer
cells resistant to taxol (Zaffaroni et al., 2002). Thus, we next examined whether GGTI-
298 or GGTI2166 target survivin to induce apoptosis in ovarian cancer cells. A2780S
cells, in which survivin is highly expressed, were treated with GGTI-298 or GGTI-2166
for different times. Western and Northern blot analyses revealed that both protein and
mRNA levels of survivin were significantly reduced following GGTI-298 or GGTI-2166
treatment (Fig, 4A and data not shown). To further examine the importance of survivin

in GGTIs pro-apoptotic activity, A2780S cells were stably transfected with Myc-tagged




survivin. Again, the cells transfected with pcDNA3 vector alone were used as control.
Expression of transfected Myc-survivin was confirmed by immunoblotting analysis with
anti-Myc antibody (Fig. 4C). Following administration of GGTI-298 or GGTI-2166 at
various lengths of time, apoptotic cells were detected by Tunel assay and quantified.
Both GGTI-298 and GGTI-2166 increased apoptosis from 8% at time 0 to 70% at time
24 hours in A2780S-pcDNA3 cells. In survivin-expressing cells, both inhibitors induced
apoptosis to only 30% after 24 hours of treatment (Fig. 4D and data not shown). Thus,
ectopic expression of survivin rescues the cells from GGTIs induced apoptosis but only
partially, implying that survivin is another target of GGTIs in addition to PI3K/AKT?2.
Further, A2780S cells were stably contransfected with constitutively active AKT2 and
survivin (Fig. 4C) and treated with either GGTI-298 (15 uM) or GGTI-2166. Tunel
assay analysis revealed that cells expressing both myr-AKT2 and surviving became
dramatically resistant to GGTIs treatment (Fig. 4D), indicating that AKT2 and survivin

are critical targets of GGTIs at least in A2780S ovarian cancer cells.

GGTls Inhibits Survivin via a p53-independent Pathway

Previous investigations have demonstrated that p53 represses survivin expression through
inhibiting its transcription (Hoffman et al., 2002; Mirza et al., 2002). To determine
whether GGTIs suppression of survivin expression depends on p53, we evaluated the
effects of GGTIs on survivin expression in A2780CP cells that carry p53 mutation
(Sasaki et al.. 2000). A2780CP cells were cultured in DMEM supplemented with 10%

FBS and treated with GGTI-298 or GGTI-2166 for different times. The expression of

10




survivin was evaluated by Western and Northern blot analyses. Both protein and mRNA
levels of survivin were inhibited by GGTI-298 and GGTI2166 treatment in A2780CP
cells (Fig. 4B and data not shown). Quantification analysis showed that GGTIs-inhibited
survivin expression was similar in A2780CP that contain mutant p53 and A2780S cells
which express wild type pS3 (Figs. 4A and 4B). To further define the effects of pS3 on
GGTIs suppression of survivin expression, A2780CP cells were stably transfected with
HA-tagged wild type p53 and pcDNA3 vector alone, as a control. Fig. 5 A shows that
transfected p53 expresses and is functional reflected by elevated level of p21WAF'.
Immunoblotting analysis showed that reintroduction of wild type pS3 into A2780CP cells
did not have significant effects on the ability of GGTIs to inhibit survivin expression as

compared to pcDNA3-transfected A2780CP cells (Fig. 5B). These results indicate that

GGTIs suppression of survivin is independent of p53 pathway.

Previous studies have shown that re-expression of wild type p53 sensitizes
A2780CP cells to cisplatin-induced apoptosis (Sasaki et al., 2000; Song et al., 1997).
Therefore, we next examined whether ectopic expression of wild type p53 sensitizes
A2780CP cells to GGTIs stimulated cell death. Tunel assay revealed that the levels of
GGTIs-induced apoptosis were the same in A2780CP-p53, A2780CP-pcDNA3 as well as
A2780S cells (Figs. 5C and 1A). We have previously shown GGTI-298-mediated
transcriptional upregulation of p21WAF”C'PI is also independent of pS3 (Adnane et al.,
1998). This further supports the notion that the mechanism of GGTIs anti-tumor activity
does not involve the p53 pathway. Because mutant p53 is a major contributor to

anticancer drug resistance and because GGTIs can overcome this resistance at least in the
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case of cisplatin, combination of GGTIs with these agents has great potential for cancer

treatment.

GGTIs Attenuated AKT2-induced Survivin Expression and Promoter Activity

Recent studies have shown that PI3K/Akt pathway mediates 1GFl- and VEGF-
upregulation of survivin protein in multiple myeloma and endothelial cells (Mitsiades et
al., 2002; Papapetropoulos et al., 2000). However, the underlying molecular mechanism
has not been well documented. As GGTIs inhibits PI3K/AKT activation as well as
survivin expression at the transcription level, we reasoned that activation of AKT2 could
induce survivin transcription. To this end, Northern blot analysis of A2780S cells
transfected with constitutively active AKT2 revealed that expression of survivin was
induced by AKT2 in a dose dependent manner (Fig. 6A). Further, a luciferase activity
assay was carried out with HEK293 cells transfected with pGL3-survivin-Luc reporter,
constitutively active AKT2 and B-galactosidase. Triple experiments showed that ectopic
expression of constitutively active AKT2 stimulated survivin promoter activity (Fig. 6B).
These data indicate that AKT2 upregulates survivin by inducing its promoter activity. It
has been demonstrated that survivin promoter contains a NFxkB binding site and is
induced by NFxB pathway (Deveraux et al., 1999; mitsiades et al., 2002). We and others
have shown that AKTI and AKT2 activate the NFxB pathway through interaction and
phosphorylation of IKKa and Cot/Tpl2 (Ozes et al., 1999; Madrid et al., 2000; Yuan et
al., 2002; Kane et al., 2002). Therefore, AKT2-induced survivin transcription could be

mediated by activation of this pathway.
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Since AKT2 upregulates survivin and GGTIs repress survivin expression and
AKT?2 activity, one possible mechanism by which GGTIs repress survivin is through
inhibition of PI3K/AKT2. To test this hypothesis, constitutively active AKT2- and
pcDNA3-stably transfected A2780S cells were treated with GGTI-298 or GGTI-2166.
Following the treatment for 12, 24, and 48 hours, expression of survivin was examined
by Western and Northern blot analyses. As shown in Fig. 6C, both basal protein and
mRNA levels of survivin were higher in A2780S-Myr-AKT2 cells as compared to
A2780S transfected with pcDNA3 vector alone. However, declining rate of the survivin
induced by GGTIs was essentially the same between constitutively active AKT2- and
pcDNA3-transfected A2780S cells. Moreover, the luciferase reporter assay showed that
constitutively active AKT2-stimulated survivin promoter activity was also attenuated by
GGTIs treatment. Even the basal levels of survivin promoter activity were significantly
inhibited by GGTI-298 or GGTI-2166 (Fig. 6D and data not shown). Because GGTI-
298 and GGTI-2166 are not direct AKT2 inhibitor (Fig. 2C), we conclude that GGTIs
repress survivin by targeting other molecule(s) which bypasses AKT2 but is capable of
blocking AKT2-induced survivin transcription. Moreover, these data also indicate that
GGTIs induce apoptosis in human ovarian cancer cells by inhibition of survivin and

PI3K/AKT?2 parallel pathways.
In summary the data presented here demonstrate for the first time that GGTI-298

and GGTI-2166 potently inhibit PI3K/AKT2 activation and survivin expression in both

cisplatin sensitive and resistant human ovarian cancer cell lines. Furthermore, our data
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suggest a mechanism by which GGTIs repress survivin expression by showing that
GGTI-298 inhibits mRNA and promoter activity of survivin independent of p53 status
and AKT2 activation (Fig. 7). Finally we provide evidence that GGTIs-induced
apoptosis is independent of p53 pathway and thus, GGTIs could be a new and potent
therapeutic reagent to overcome p53 mutation-related chemoresistance. Further.
investigations are required to characterize the mechanism by GGTIs downregulate
survivin and inactivate PI3K, i.e., identification of GGTI-298- and GGTI-2166-targeted
geranylgeranylated proteins that positively regulate PI3K/Akt and survivin pathways

independently (Fig. 7).

Material and Methods

Cell lines, Transfection, and Cell Treatment

Human ovarian epithelial cancer cell lines A2780S and A2780CP and human embryonic
kidney (HEK) 293 were cultured at 37°C and 5% CO2 in DMEM supplemented with
10% FBS. The cells were seeded in 60-mm petri dishes at a density of 0.6 x 10°
cells/dish and were transfected with 2 pg of DNA per dish using LipofecAMINE Plus.

Stable clonal cell lines were established by G418 (500 ug/ml) selection.
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Expression Constructs

HA-AKT2 and HA-Myr-AKT2 were prepared as described previously (Jiang et al.,
2000). HA-tagged p53 was prepared by releasing pS3 from GST-p53 plasmid, kindly
provided by Jiandong Chen at H. Lee Moffitt Cancer Center, and cloning to HA-
pcDNA3.1 vector. Survivin expression plasmid was created by PCR, subcloned to Myc-
tagged pcDNA3.1 and confirmed by sequencing analysis. Based on published sequence
(Li et al., 1999), survivin promoter (-1469/+20) was amplified by PCR using normal
human placenta genomic DNA as template. The PCR products were ligated into BamHI-

Smal sites of pGL3 vector. The promoter sequence was confirmed by DNA sequencing.

Tunel Assay

Cells were seeded into 60 mm dishes and grown in 10% FBS-DMEM for 36 hours. Cells
were then treated with 15 uM GGTI-298 for different times ranging from 0 to 48 hours.
Apoptosis was determined by terminal Tunel assay using an in sifu cell death detection
kit (Boehringer Mannheim, Indianapolis, IN). The cells were trypsinized, and cytospin
preparations were obtained. Cells were fixed with freshly prepared paraformaldehyde
(4% in PBS, pH 7.4). Slides were rinsed with PBS, incubated in permeabilization
solution, followed by Tunel reaction mixture for 60 min at 37°C in a humidified chamber.
After a rinse, the slides were incubated with converter-alkaline phosphatase solution for

30 min at 37°C and then detected with alkaline phosphatase substrate solution (Vector
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Laboratories, Burlingame, CA). After an additional rinse, the slides were mounted and

analyzed under a light microscope. These experiments were performed in triplicate.

Immunoprecipitation, in vitro Kinase Assay, Western and Northern Blotting Analysis

Following stimulation and treatment with GGTI, cells were lysed and
immunoprecipitated with anti-AKT2 or Ant-HA antibody. The immunprecipitates were
subjected to in vitro kinase assay using histone H2B as substrate. Protein expression was
determined by probing Western blots with the appropriate antibodies. For the detection of
endogenous phospho-AK T2, Western blot analysis of the AKT2 immunoprecipitates was
performed and detected with anti-phospho-Akt-Ser473 antibody. Detection of antigen-
bounded antibody was carried out with the ECL Western Blotting Analysis System

(Amersham). Northern blot was performed as previously described (Cheng et al., 1992).

PI3K Assay

PI3K was immunoprecipitated from the cell lysates with anti-pan-p85 antibody (Santa
Cruz Biotechnology). The immunoprecipitates were washed once with cold PBS, twice
with 0.5 M LiCl/0.1 M Tris (pH 7.4), and finally with 10 mM Tris/100 mM NaCl/l mM
EDTA. The presence of PI3K activity in immunoprecipitates was determined by
incubating the beads in reaction buffer (10 mM HEPES [pH 7.4], 10 mM MgClp, 50 uM
ATP) containing 20 uCi [y-°P] ATP and 10 pg L-o-phosphatidylinositol 4, 5-bis

phosphate (Biomotl) for 20 min at 25°C. The reactions were stopped by adding 100 pl of
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1 M HCI. Phospholipids were extracted with 200 ul CHCI3/MeOH and phosphorylated

products were separated by thin-layer chromatography as previously described (Jiang et

al., 2000). The conversion of PI (4,5)P, to PI(3,4,5)P; was detected by autoradiography.

Luciferase Reporter Assay

Cells were seeded in 6-well plate and transfected with survivin-Luc reporter, pSV2-3-gal
and, constitutively active of AKT2. After 36 hours of transfection and treatment with or
without GGTI-298, luciferase and B-galactosidase assays were performed according to
the manufacturer’s procedures (Promega and Tropix), respectively. Each experiment was

repeated three times.
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FIGURE LEGENDS

Fig. 1. GGTI-298 inhibits AKT2 activation and induces apoptosis in cisplatin sensitive
and resistant ovarian cancer cells. (A) Tunel assay. Cisplatin sensitive A2780-S and
cisplatin resistant A2780-CP cells were cultured in DMEM supplemented with 10% FBS
and treated with GGTI-298 (15 uM) for the indicated time.  Apoptotic cells were
detected with Tunel assay and quantified. (B) Western blot analyses of the AKT2
immunoprecipitates prepared from A2780S and A2780CP cells following GGTI-298
treatment. The blots were detected with anti-phospho-Akt-Ser473 (panels I and 3) and

anti-AKT2 (panels 2 and 4) antibodies.

Fig. 2. GGTI-298 inhibits PI3K and AKT?2 activation. (A) In vitro kinase assay of the
HA-AKT2 immunoprecipitates prepared from A2780S cells. After serum starvation
overnight, the cells were treated with or without GGTI-298 for 12 h prior to EGF (50
ng/ml) stimulation for 15 min. Immunoprecipitation was performed with anti-AKT2
antibody and subjected to in vitro kinase assay using histone H2B as substrate. (B)
GGTI-298 does not directly inhibit EGF-induced AKT2 activation. After serum
starvation and stimulation with EGF, GGTI-298 (15 pM) was directly added into AKT2
kinase reaction. Following incubation for 30 min, the reactions were separated on SDS-
PAGE gel and exposed to the film. (C) In vitro PI3K assay of the anti-p85
immunoprecipitates prepared from A2780CP cells. Following serum starvation
overnight, the cells were treated with or without GGTI-298 for 12 h prior to EGF

stimulation for 15 min. (D) GGTI-298 does not directly inhibit EGF-induced PI3K

21




activation. In vitro PI3K assay of the PI3K immunoprecipitates derived from A2780CP
cells. After serum starvation and stimulation, GGTI-298 (15 uM) was directly added to
the kinase reaction. Quantification of AKT2 and PI3K activity is shown in bottom panels

(A-D).

Fig. 3. A constitutively activated form of AKT2 partially rescues A2780S cells from
GGTI-298-induced apoptosis.  (A) A2780S cells were stably transfected with
constitutively active AKT2 (Myr-AKT2, AA2). Western blot analysis with anti-HA
antibody revealed expression of transfected HA-Myr-AKT?2 in a clonal cell line (upper
panel). Bottom panel shows equal loading. (B) Tunnel assay. After treatment of
A2780S-pcDNA3 and A2780S-AA2 cells with GGTI-298 for the indicated times,

apoptotic cells were detected with Tunel assay and quantified.

Fig. 4. GGTI-298 inhibits expression of survivin independent of p53 pathway. (A and
B) Western (upper panels) and Northern (lower panels) analyses of expression of
survivin in A2780S (wild type p53) and A2780CP (mutant p53) cells treated with GGTI-
298 at indicated time. Northern blot analysis with [*’P]-dCTP labeled survivin cDNA
probe (upper). Equal loading of total RNA was shown in bottom panel. (C)
Immunoblotting analysis of expression of transfected Myc-survivin and HA-myr-AKT2
in A2780S cells with anti-Myc (upper) and anti-HA (bottom) antibodies. (D) Tunel
assay. Following treatment of A2780S-pcDNA3, A2780S-survivin and A2780S-
survivin/myr-AKT2 cells with GGTI-298 at indicated time, apoptotic cells were detected

with Tunel assay and quantified.
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Fig. 5. Ectopic expression of p53 did not affect GGTI action. (A) Immunoblotting
analysis of expression of transfected wild type HA-pS3 in A2780CP cells with anti-HA
(top) and anti-p21 (middle) antibodies . The bottom panel showed equal loading. (B)
Immunoblotting analysis of survivin expression in pcDNA3- (upper panels) and HA-p53-
transfected (bottom panels) A2780CP cells. (C) Reintroduction of wild type p53 into
A2780CP cells did not sensitize the cells to GGTI-298-induced apoptosis. Following
GGTI-298 treatment at indicated time, apoptotic cells were detected with Tunel assay and

quantified.

Fig. 6. Constitutively active AKT2 induces survivin transcription and promoter activity;
AKT action failed to rescue GGTI downreulated survivin. (A) Northern blot analysis of
A2780S cells transfected with indicated amount of constitutively active AKT2. The blot
was probed with [**P]-dCTP labeled survivin cDNA (upper panel). Equal loading was
shown in panel 2. Expression of transfected constitutively active AKT2 was detected
with anti-HA antibody (panel 3). The same blot was reprobed with anti-actin antibody
(bottom panel). (B) Luciferase reporter assay. HEK293 cells were transfected with
indicated plasmids. After 36 h of the transfection, luciferase and [B-galactosidase assays
were performed and the reporter activity was normalized by dividing luciferase activity
with B-galactosidase. (C) Western (panels 1 and 2) and Northern (panels 3 and 4) blot
analyses of pcDNA3- and constitutively active AKT2-trnasfected A2780S cells following
treatment with GGTI-298 at indicated time. Western blots were detected with anti-

survivin (upper) and anti-actin antibodies (panel 2). Northern blots were probed with
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[**P]-dCTP labeled survivin (panel 3). Equal RNA loading was shown in bottom panels.
(D) Luciferase reporter assay was performed as described in Fig. 6B, except the cells
were treated with indicated concentrations of GGTI-298 for 6 h prior to assay for

luciferase and B-galactosidase activity.

Fig. 7. Schematic illustration of the mechanism of GGTI-298 induction of apoptosis

in human cancer cells.
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ABSTRACT

Previous studies have demonstrated amplification of
the centrosome serine/threonine kinase BTAK/Aurora-A in
10-25% of ovarian cancers. However, alterations of BTAK/
Aurora-A at kinase and protein levels and its role in ovarian
cancer progression have not been well documented. In this
study, we examined the kinase activity and protein levels of
BTAK/Aurora-A in 92 patients with primary ovarian tu-
mors. In vitro kinase analyses revealed elevated BTAK/
Aurora-A kinase activity in 44 cases (48%). Increased
BTAK/Aurora-A protein levels were detected in 52 (57%)
specimens. High protein levels of BTAK/Aurora-A corre-
lated well with elevated kinase activity. Activation and over-
expression of BTAK/Aurora-A were more frequently de-
tected in early stage/llow-grade ovarian tumors, although
there was no statistic significance at the kinase level between
early stage/low-grade and late stage/high-grade tumors.
Moreover, BTAK/Aurora-A was preferentially expressed in
noninvasive tumors, as revealed by immunohistochemical
staining, suggesting that alterations of BTAK/Aurora-A
could be an early event in human ovarian oncogenesis. To
our knowledge, this is the first demonstration of recurrent
activation and overexpression of BTAK/Aurora-A in human
ovarian cancer, which may play a critical role in develop-
ment of this malignancy.

INTRODUCTION
BTAK/Aurora-A (also named STKIS, aurora-2. ARKI.
and AIKI) is a serine/threonine protein kinase that belongs to the

Received 9/13/02: revised 12/9/02: accepted 12/10/02.

The costs of publication of this articie were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

! Supported by Grants CA89242 and CA77935 from NIH and
DAMDI17-00-0559 and DAMD17-02-1-0671 from the Department of
Defense.

2T.M.G..D.C.. and J. E. P. contributed equally to this work.

* To whom requests for reprints should be addressed. at Department of
Pathology and Molecular Oncology program. H. Lee Moffitt Cancer
Center. University of South Florida College of Medicine. 12901 Bruce
B. Downs Boulevard. MDC Box {1, Tampa, FL 33612, Phone:
(813)974-8395: Fax: (813) 974-5536: E-mail: jcheng@hsc.usf.edu.

Drosophila aurora and Saccharomyces cerevisiae Ipll (Aurora/
Ipllp) kinase family and is essential for chromosome segrega-
tion and centrosome functions (1-3). In proliferating cells, ex-
pression of BTAK/Aurora-A is regulated in a cell cycle-
dependent manner; its protein level is low in G,-S, up-regulated
during G,-M. and reduced rapidly after mitosis (4). Immuno-
fluorescence analysis revealed that BTAK/Aurora-A is localized
to the spindle pole during mitosis. especiatly from prophase
through anaphase (3, 4). Moreover, it has been shown that
BTAK/Aurora-A interacts with Cdc20 and protein phosphatase
1 and induces cyclin B translation by phosphorylation of CPEB*
(3) to regulate mitotic cell division (5-7). These studies suggest
that BTAK/Aurora-A plays a critical role in regulation of cen-
trosome function(s), and, thus, its alterations could result in
chromosomal instability and malignant transformation. In fact.
ectopic expression of BTAK/Aurora-A in Ratl and NIH3T3
cells induces centrosome amplification. aneuploidy, and onco-
genic phenotype (2, 3).

Recent studies have shown that the molecular mechanism
of BTAK/Aurora-A regulation of G,-M transition is because of
phosphorylation of histone H3 (8. 9). a key molecule in con-
version of the relaxed interphase chromatin to mitotic con-
densed chromosomes. a process likely to be essential for the
subsequent nuclear division (10). Histone H3 is phosphorylated
during mitosis on at least two serine residues, Ser-10 (11, 12)
and Ser-28 (13, 14). Phosphorylation at Ser-10 in the histone H3
tail, which occurs early in the G, phase within pericentromeric
heterochromatin and which by metaphase has spread throughout
all chromosomal region, is considered to be a crucial event for
the onset of mitosis. Phosphorylation on Ser-28 only becomes
evident in early mitosis. It has been demonstrated in yeast,
nematodes. and mammalian cells that BTAK/Aurora-A physi-
cally interacts with histone H3 and phosphorylates both Ser-10
and Ser-28 (8. 9). In addition. a recent report shows that BTAK/
Aurora-A phosphorylates CPEB on Ser-174. which is necessary
for cyclin Bl RNA polyadenylation-induced translation and
entry into M phase (7). These data indicate that the Aurora
kinase family plays a pivotal role during the G,-M transition.

The BTAK/Aurora-A gene was mapped to human chromo-
some 20q13.2-13.3, a region frequently shown to be amplified
in human carcinomas of breast. ovary. and colon (2). In fact,
previous studies showed that the BTAK/Aurora-A was amplified
in 15-25% of ovarian cancer cell lines and primary tumors (3.
15). In the present study. we show elevated kinase and protein
levels of BTAK/Aurora-A in about half of the primary ovarian
cancer specimens examined. indicating that alterations of

4 The abbreviations used are: CPEB. cytoplasmic polyadenylation
clement-binding protein: MBP. myelin basic protein: GST. glutathione
S-transferase: HEK. human embryonic kidney: LMP, carcinomas of low
malignant potential: HA. hemagglutinin.
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Table 1  Alterations of BTAK/Aurora-A and tumor histopathology

BTAK protein level

BTAK Kkinase activity

Histology n Low/no High/moderate Low High
LMP 10 2 8 2 8
Serous cystadenocarcinoma 58 27 31 31 27
Mucinous cystadenocar. 12 4 8 7 5
Endometrioid cystadenocar. 6 2 4 3 3
Clear cell cystadenocar. 1 1 0 1 0
Granulosa cell tumor 4 4 0 4 0
Mixed tumor 1 0 1 0 1

BTAK/Aurora-A at the kinase and protein levels are common
events, which could play a pivotal role in human ovarian onco-
genesis.

MATERIALS AND METHODS

Tumor Specimens, Cell Lines. Transfection, and Statis-
tic Analysis. All of the primary human ovarian cancer spec-
imens were obtained from patients who underwent surgery at H.
Lee Moffitt Cancer Center, and each sample contained =80%
tumor cells, as was confirmed by microscopic examination. The
tissues were snap frozen and stored at —70°C. Histopathologi-
cally, the ovarian cancer specimens include 10 LMP, 58 serous.
12 mucinous, and 6 endometroid ovarian surface epithelial
cystadenocarcinomas. 1 clear cell carcinoma. and 1 mix tumor.
We also evaluated 4 granulosa cell tumors (Table 1). Six normal
tissues adjacent to tumors and normal ovaries were used as
controls. Slides from each case were reviewed for grade follow-
ing the criteria of the American Joint Committee on Cancer.
1988 edition. HEK293 cells were cultured at 37°C in DMEM
supplemented with 10% FCS. Transfection was carried out with
calcium phosphate. The relationship between the alteration of
BTAK/Aurora-A and tumor grade and stage was analyzed with
X2 tests.

Expression Constructs, GST Fusion Protein, and Pro-
duction of Anti-BTAK/Aurora-A Antibody. The pcDNA3-
BTAK/Aurora-A was kindly provided by Dr. Subrata Sen (The
University of Texas M. D. Anderson Cancer Center). We sub-
cloned HA epitope-tagged, wild-type BTAK/Aurora-A (1.2 kb)
at the Notl sites of the mammalian expression vector pHM6
(Boehringer Mannheim). The GST-BTAK/Aurora-A was cre-
ated by PCR amplification of aurora box-2 of BTAK/Aurora-A
(2) using primers 5'-CAGGCTCAGCGGGTCTTGTGTC-3’
and 5'-CAGTTCCTCCTCAGGATT-3'. The PCR products
were inserted into pGEX-4T vector. Logarithmically growing
cultures of Escherichia coli TOPI0 transformed with the
pGEX-4T recombinant was incubated with 0.1 mMm isopropyl-
p-thiogalactopyranoside at 37°C for 6 h. The cells were pelleted.
resuspended in cold PBS, and sonicated on ice. Debris was
removed by centrifugation, and the supernatant was applied to a
glutathione-sepharose 4B column (Pharmacia Biotech). GST-
BTAK/Aurora-A fusion protein was eluted. Anti-BTAK/Auro-
ra-A antibodies were raised in New Zealand White rabbits.
Approximately 300 pg of GST fusion protein were used to
immunize each rabbit every 2 weeks: rabbits were bled 12 days
after each booster injection. The antibodies were affinity
purified.

Immunoprecipitation and Western Blotting Analyses.
The frozen tissue was lysed by a Tissue Tearor in a lysis buffer
containing 50 mm Tris-HCl (pH 7.5), 100 mm NaCl, 1% NP40,
5 mm EGTA (pH 7.5), | mm EDTA (pH 8.0), 2 mm phenyl-
methylsulfony! fluoride, 2 p.g/ml aprotinin and leupeptin, 2 mM
benzamidine. 10 mM NaF, 10 mm NaPP;, 1 mM sodium vana-
date, and 25 mm B-glycerolphosphate. Lysates were centrifuged
at 12,000 X g for 15 min at 4°C. Equal amounts of protein lysate
were analyzed for BTAK/Aurora-A expression and enzyme
activity. For immunoprecipitation, lysates were precleared with
protein A-protein G (2:1) agarose beads at 4°C for 20 min. After
removal of the beads by centrifugation, lysates were incubated
with anti-BTAK/Aurora-A polyclonal antibody in the presence
of 30 ul of protein A:protein G (2:1) agarose beads (Life
Technologies, Inc.) for 2 h at 4°C. The beads were washed three
times with the lysis buffer. Protein expression was determined
by Western blotting analyses probed with anti-BTAK/Aurora-A
or anti-HA antibody. Detection of antigen bound antibody was
carried out with the ECL Western Blotting Analysis System
(Amersham).

In Vitro Protein Kinase Assay. The immunoprecipita-
tion for BTAK/Aurora-A kinase assay was performed as de-
scribed above. The beads were washed three times with lysis
buffer and two times with kinase buffer {100 mm Tris-HCI (pH
7.5), 2 mm EDTA (pH 8), 20 mm MgCl,,10 mm MnCl ,, and 1
mm DTT] in the presence of the protease inhibitors. The reaction
was carried out with 10 p.Ci of [**PJATP and 3 uM unlabeled
ATP in 30 pl of kinase buffer. MBP (4 pg) was used as
exogenous substrate. After incubation at 37°C for 30 min, the
reaction was stopped by adding protein-loading buffer and sep-
arated by SDS-PAGE. Each experiment was repeated three
times. The relative amounts of incorporated radioactivity were
determined by autoradiography and quantified with a Phospho-
rImager (Molecular Dynamics).

Southern and Northern Blotting Analyses. Genomic
DNA and total RNA were isolated from the human ovarian
tumor specimens by standard methods (2). Southern blots were
prepared by digestion of 10 pg of DNA with EcoRI and de-
tected with a random primer [**P]dCTP-labeled BTAK/Auro-
ra-A cDNA probe. Autoradiographs were quantified relative to
B-actin using Image-Quant software. For Northern blotting anal-
yses, 20 pg of total RNA were electrophoresed on agarose gel,
transferred, and detected with BTAK/Aurora-A cDNA probe.

Immunohistochemistry. Formalin-fixed. paraffin-embed-
ded sections were subjected to antigen retrieval by boiling in 0.01
M sodium citrate buffer (pH 6.0) in a microwave oven after
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dewaxing and rehydration. The Vectastain ABC Kit for rabbit IgG
(Vector Laboratories) was used to immunostain the tissue sections
with anti-BTAK/Aurora-A antibody. Endogenous peroxidase and
biotin were blocked, and sections were incubated 1 h at room
temperature with a 1:250 dilution of antibody to BTAK/Aurora-A.
The remainder of the staining procedure was performed according
to the manufacturer’s instructions using diaminobenzidine tetrahy-
drochloride as the chromogen and hematoxylin for counterstaining.
Primary antibody was replaced with an equal concentration of
nonimmune rabbit IgG on control sections.

RESULTS

Characterization of BTAK/Aurora-A Antibody. Pre-
vious studies have demonstrated amplification of the BTAK/
Aurora-A in 10-25% of human ovarian cancer (3, 15). How-
ever, alterations of BTAK/Aurora-A at kinase and protein levels
have not been documented. To examine BTAK/Aurora-A kinase
activity and protein expression in human ovarian carcinoma. we
generated rabbit polyclonal anti-BTAK/Aurora-A antibody. The
specificity of the antibody was examined with HEK293 cells
transfected with the HA-BTAK/Aurora-A expression plasmid.
Western blotting analyses revealed that anti-BTAK/Aurora-A
antibody reacted strongly with BTAK/Aurora-A protein (Fig.
1A). After preincubation of anti-BTAK/Aurora-A antibody with
GST-BTAK/Aurora-A antigen, no BTAK protein was detected
(Fig. 1B). In addition, we have further examined the usefulness
of the anti-BTAK/Aurora-A antibody for immunoprecipitation.
Immunoprecipitates were prepared with anti-BTAK/Aurora-
A antibody in HEK293 cells transfected with the HA-BTAK/
Aurora-A expression construct, separated in SDS-PAGE, and
detected with anti-HA antibody. As shown in Fig. 1C, anti-
BTAK/Aurora-A antibody is capable of precipitating BTAK/
Aurora-A protein from the cell lysate. These results indicate that
our anti-BTAK/Aurora-A antibody specifically reacts with
BTAK/Aurora-A and works for both Western blot and immu-
noprecipitation.

Frequent Activation of BTAK/Aurora-A Kinase in Pri-
mary Ovarian Tumors. As BTAK/Aurora-A is a serine/thre-
onine kinase and plays a significant role in cell proliferation by
phosphorylation of downstream targets, such as histone H3 and
CPEB (7-9), we have examined BTAK/Aurora-A kinase activ-
ity in human primary ovarian carcinoma. /n vitro BTAK/Auro-
ra-A kinase assays were performed in 92 specimens using MBP
as substrate. Fig. 24 shows that the in vitro kinase conditions
that we used could detect high levels of BTAK/Aurora-A kinase
activity in BTAK/Aurora-A- but not pcDNA3-transfected
HEK293 cells. Activation of BTAK/Aurora-A, defined as an
average reading of the kinase activity 4-fold higher than that in
normal ovarian tissues, was detected in 44 (48%) ovarian cancer
specimens. The results were confirmed by triplicate experi-
ments. Fig. 2B represents typical examples of BTAK/Aurora-A
activation in ovarian tumors.

In addition. we have examined the relationship between
kinase activity and protein level of BTAK/Aurora-A. Western
blot and immunohistochemical staining analyses revealed that
all of the 44 cases with elevated levels of BTAK/Aurora-A
kinase overexpressed BTAK/Aurora-A. indicating that activa-
tion of BTAK/Aurora-A is largely attributable to increased
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Fig. | Characterization of anti-BTAK/Aurora-A antibody. In A4,
BTAK/Aurora-A antibody reacts with high levels of BTAK/Aurora-A
protein. HEK293 cells were transfected with pcDNA3 or pcDNA3-HA-
tagged BTAK/Aurora-A expression plasmid. Cell lysates were subjected
to Western blotting analyses with anti-BTAK/Aurora-A (top) or an-
ti-HA (botrom) antibody. Endogenous BTAK/Aurora-A in HEK293
cells is undetectable (left lane of top panel). In B, anti-BTAK/Aurora-A
antibody specifically reacts with BTAK/Aurora-A. Two tumor speci-
mens overexpressing BTAK/Aurora-A- and HA-BTAK/Aurora-A-trans-
fected HEK293 cell lysates were detected with anti-BTAK/Aurora-A
antibody (top left panel). The same blot was probed with anti-BTAK/
Aurora-A serum preincubated with GST-BTAK/Aurora-A antigen (top
right panel) or B-actin (bottom) antibody. In C. the BTAK/Aurora-A
antibody is able to immunoprecipitate BTAK/Aaurora-A protein. HA-
BTAK/Aurora-A-transfected HEK293 cells were lysed and incubated
with anti-BTAK/Aurora-A antibody in the presence of protein A:G. The
immunoprecipitates were subjected to immunoblotting analyses with
anti-HA antibody.

expression levels of BTAK/Aurora-A protein. To determine
whether elevated protein levels of BTAK/Aurora-A result from
its alterations at DNA and/or mRNA levels, we performed
Northern and Southern blotting analyses in 43 tumor specimens
and 6 normal ovarian tissues. Overexpression of BTAK/Auro-
ra-A mRNA was detected in 18 (42%) tumors, in which BTAK/
Aurora-A protein was elevated, whereas amplification of the
BTAK/Aurora-A (>3-fold higher than that in normal ovary) was
only observed in 6 (14%) specimens. all of which also exhibited
overexpression of the BTAK/Aurora-A mRNA and protein. Rep-
resentative examples are shown in Fig. 3, B and C, suggesting
that BTAK/Aurora-A could be regulated at transcription. trans-
lation, and/or post-translational levels.

Elevated Expression of BTAK/Aurora-A Protein in Hu-
man Ovarian Carcinomas. We next examined the expression
of BTAK/Aurora-A protein in the same series of human ovarian
tumors. Western blotting analyses revealed high levels of BTAK/
Aurora-A protein in 52 of 92 (57%) tumor specimens (Fig. 34 and
Table 1). To confirm this result. we have carried out immunohis-
tochemical staining of paratfin sections with anti-BTAK/Aurora-A
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Fig. 2 Activation of BTAK/Aurora-A in human ovarian cancer. A. in vitro kinase assay analysis of BTAK/Aurora-A immunoprecipitates prepared
from BTAK/Aurora-A- (left) and pcDNA3 (right) -transtected HEK293 cells with anti-BTAK/Aurora-A antibody. MBP was used as substrate (top).
Bottom panel, Western blot probed with anti-BTAK/Aurora-A antibody. B. in vitro kinase assays of BTAK/Aurora-A immunoprecipitates from 15
representative frozen ovarian tumor specimens and a normal ovarian tissue (N). Tissue lysates were incubated with anti-BTAK/Aurora-A antibody
in the presence of protein A-protein G agarose beads for 2 h. After extensive washes, immunoprecipitates were subjected to in vitro kinase assay using
MBEP as the exogenous substrate. Each experiment was repeated three times. The relative amounts of incorporated radioactivity were determined by

autoradiography and quantitated with a Phosphorlmager.

Fig. 3 Overexpression of BTAK/Auro- A
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blotting analyses of human primary ovar-
ian tumor specimens (7) and normal ovar- BTAK — G Y - e ow o - d
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PAGE. transferred. and detected with anti-
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low molecular weight band detected in N,
T16, and T17 could be an alternatively
spliced form because preincubation of B
BTAK/Aurora-A antibody with GST-

BTAK/Aurora-A antigen is able to com-
pete this band (data not shown). Equal
loadings were indicated by hybridization BTAK
of the same blot with anti-B-actin antibody

(bottom). B. Northern blotting analyses of

expression of BTAK/Aurora-A mRNA 288
with [*?P]-dCTP-labeled BTAK/Aurora-A

c¢DNA as probe (fop). The quality and

loading amount of RNA were indicated by 188
28S and 18S ribosome RNA (bottom). In

C, Southern blots containing 10 pg of C
Pstl-digested DNA per lane from primary

human ovarian tumors and a normal ovary
control were hybridized with a BTAK/
Aurora-A cDNA probe. The location of BTAK [:
the 2.8 and 2.5 kb of BTAK/Aurora-A trag-

ments is marked. Blot was stripped and

reprobed with a human B-actin probe to
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confirm equal loading.

antibody. A moderate to strong predominantly cytoplasmic BTAK/
Aurora-A expression was detected in the same 52 ovarian tumors
(Fig. 4) that overexpress BTAK/Aurora-A protein revealed by
Western blotting analyses. 1t has been shown that although BTAK/
Aurora-A protein localizes to both the cytoplasm and nucleus. it

is mainly in cytoplasm (16). Strong immunoreaction of BTAK/
Aurora-A was observed in tumor cells but not normal ovarian
epithelium. There was no preferential BTAK/Aurora-A expression
among the three major histopathological types of ovarian surface
epithelial carcinomas (serous. mucinous. and endometroid). Four
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Fig. 4 High levels of BTAK/Aurora-A protein expression in low-grade and less invasive tumors. Immunohistochemical staining of the paraffin
sections prepared from mucinous papillary tumors of low malignant potential (A and B). invasive mucinous adenocarcinoma (C), and serous
adenocarcinoma (D-F) with anti-BTAK/Aurora-A antibody. The intensity of the immunostaining in invasive tumors is much weaker or absent in

comparison with noninvasive tumors.

ovarian granulosa cell tumors exhibited no detectable BTAK/
Aurora-A, implying that the expression of BTAK/Aurora-A could
be restricted to ovarian epithelial neoplasm. Notably, activation/
overexpression of BTAK/Aurora-A is more frequently detected in
LMP (8 of 10) than serous and mucinous cystadenocarcinoma (39
of 70). Furthermore. we have observed that BTAK/Aurora-A is
preferentially expressed in low-grade [25 of 39 (65%) grade /11
versus 13 of 33 (40%) grade I1I] and early stage tumors [24 of 35
(67%) stage /1T versus 9 of 20 (45%) stage IIVIV] (Tables 2 and 3).
However. there is no preference in six cases with amplification of
BTAK/Aurora-A (one case is stage I. two cases are stage II, and the
rest are stage III). In addition. invasive tumors exhibit much less
BTAK/Aurora-A immunoreactivity compared with the noninva-
sive tumors (Fig. 4). Interestingly. even in the same wumor. BTAK/
Aurora-A immunoreactivity was seen to pale at the invasive front

of the tumor. whereas the noninvasive portion of the tumor stained
strongly. Fig. 4D shows an invasive serous adenocarcinoma exhib-
iting BTAK/Aurora-A expression. However, the intensity of the
staining was much less in the infiltrating component compared with
the LMP component lining the surtace. These data suggest that
alterations of BTAK/Aurora-A could be an early event in the
development of human ovarian cancer, al though there was no
statistic significance at the kinase level between early stage/low-
grade and late stage/high-grade tumors (Tables 2 and 3).

DISCUSSION

Ovarian cancer is thought to arise from alterations in genes
involved in regulating cell proliferation. apoptosis. and genomic
integrity. Alterations in several proto-oncogenes and tumor sup-
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Table 2 Protein and kinase levels of BTAK/Aurora-A and tumor grade

BTAK protein level

BTAK kinase activity

Grade n Low/no High/moderate P High Low P
I-1I 39 14 25 20 19
it 3 2 13 <0.05 21 12 >0.05
Table 3 Protein and kinase levels of BTAK and clinical stage

BTAK protein level BTAK kinase activity
Stage n Low/no High/moderate P High Low P
I-11 35 11 24 15 20
1LV 49 27 n <005 30 19 >0.05

pressor genes have been described. The ERBB2. PIK3CA. and
AKT2 oncogenes are frequently amplified and subsequently
overexpressed in ovarian cancers (17-19). Overexpression of
ERBB2 or AKT2 correlates with poor prognosis of the patients
(17, 18). Amplification of the MYC oncogene has been detected
in ~20% of ovarian cancers. more frequently in serous than in
mucinous cancers (20). Other oncogenes altered in ovarian
cancer include KRAS, INT2. FMS, and MDM2, but these alter-
ations appear to be relatively uncommon (17). Cytogenetic and
comparative genome hybridization studies have revealed fre-
quent gains in chromosome 20q11-13 copy number in ovarian
cancer (21). Several putative candidate oncogenes from this
region have recently been identified. including AIB3 and AIB4
mapping to 20gq1 1. AIB/ gene at 20q12. MYBL2 and phospho-
tyrosine-phosphatase | genes at 20q13. and ZNF217 and BTAK/
Autrora-A genes at 20q13.2 amplicon (3. 15. 22). Amplification
of the BTAK/Aurora-A has been reported in 15-25% ovarian
cancer cell lines and primary tumors (3. 15). In the present
study, we have studied kinase activity and protein expression of
BTAK/Aurora-A in primary ovarian carcinomas. Elevated ki-
nase activity and protein levels of BTAK/Aurora-A were de-
tected in 48 and 57% of the tumors examined. respectively.
These data indicate that alterations of BTAK/Aurora-A at kinase
and protein levels are frequent changes in human ovarian can-
cer. Thus, BTAK/Aurora-A could play a pivotal role in the
pathogenesis in the majority of cases of this malignancy.

We have also examined DNA amplification and mRNA
overexpression of the BTAK/Aurora-A in 43 tumors. Frequency
of alterations of the BTAK/Aurora-A at DNA level is much
lower than at protein and kinase levels. Moreover. overexpres-
sion of BTAK/Aurora-A mRNA is much more common than
amplification of BTAK/Aurora-A. A possible reason for these
findings is insensitive detection of amplification by Southern
blot analyses. Interphase tluorescent in siru hybridization has
been reported to be more sensitive for detection of gene ampli-
fication. A recent report using tluorescent in siti hybridization
demonstrated amplification of BTAK/Aurora-A in 6 of 24 (25%)
sporadic ovarian carcinomas (15). A second possibility to ex-
plain the findings relates to the transcriptional regulation of
BTAK/Aurora-A. In addition. our data show that overexpres-
sion of BTAK/Aurora-A protein is ~20¢% higher than overex-
pression of its mRNA in the human primary ovarian tumors

examined. which could be because of RNA quality. However.
based on 285 and 18S bands in our Northern blots. RNA
degradation did not occur in any of the 43 tumors we examined
(Fig. 3). suggesting that translational and/or post-translational
regulation could be involved in up-regulation of BTAK/Auro-
ra-A protein in human ovarian carcinoma.

We have also observed that BTAK/Aurora-A kinase activ-
ity correlates well with its protein expression in ovarian tumor
specimens examined, except in 8 cases exhibiting increased
protein but not kinase levels of BTAK/Aurora-A. We and others
(23. 24) have shown previously that Akt protein kinase and
Stat3 DNA-binding activities in primary tumors are closely
associated with the interval time to freezing the specimen after
surgical resection. The 8 ovarian tumors. which have elevated
levels of BTAK/Aurora-A protein but not BTAK/Aurora-A
kinase. also overexpress AKT2 protein but have low levels of
AKT?2 Kinase activity (18). indicating that these results could be
attributable to improper processing and/or storage of the spec-
imens. Nevertheless. the majority of tumors with overexpressed
BTAK/Aurora-A protein displayed increased levels of BTAK/
Aurora-A kinase activity. suggesting that the activation of
BTAK/Aurora-A is largely caused by overexpression of its
protein in the primary ovarian tumors examined in this study.

The relationship between overexpression of BTAK/Auro-
ra-A and tumor grade/stage is controversial. A previous study in
ductal breast cancer showed that overexpression of BTAK/
Aurora-A protein was independent of tumor histopathological
type and lacked correlation with tumor size and lymph node
metastases ( 16). Other studies showed that alterations of BTAK/
Aurora-A associate with poor prognosis in gastric cancers and
high grade/late stage in breast and bladder cancer (25-27). In the
present study. however. we observed that BTAK/Aurora-A pro-
tein kinase is preferentially activated/overexpressed in low-
arade and early stage ovarian cancer, as well as LMP (Tables
1-3). although there was no statistic significance at the kinase
level between low-grade/early stage and high-grade/late stage
tumors. Moreover. immunohistochemical staining showed that
BTAK/Aurora-A is preferentially expressed in less invasive
tumors and declines once a tumor becomes invasive (Fig. 4.
D-F). A recent report using a well-established rat mammary
cancer model demonstrated that amplification of the BTAK/
Aurora-A is an early genetic change during the development of
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rat mammary carcinoma (28). We have also documented that
ectopic expression of BTAK/Aurora-A significantly induces
telomerase activity, which is required for cell immortalization
and transformation.” Therefore, activation and overexpression
of BTAK/Aurora-A protein kinase may represent early changes
and play an important role in development of a subset of human
ovarian cancers.
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in Chemoresistance. 94™ American Association for Cancer Research Annual Meeting, 2203.

Gritsko TM, Coppola D, Paciga JE. Yang L. Sun M, Shelley SA, Fiorica JV, Nicosia SV, Cheng JQ.
Alterations of Aurora-A oncogene in human ovarian cancer. 94™ American Association for Cancer
Research Annual Meeting, 2203.

Yuan Z, Kaneko S, Coppola D, Nicosia SV, Cheng JQ. Akt-interacting protein, APaB, mediates
PI3K/Akt survival signal through activation of PAK1 and NFxB pathways. 94" American
Association for Cancer Research Annual Meeting, 2203.

Kaneko S, Yang L, Paciga J, Yu H, Nicosia SV, Jove R, Cheng JQ. Transcriptional Upregulation
of AKT2 by Stat3 and Src. 19t Annual Meeting on Oncogene, 2003.

Dan DC, Sun M, Feldman RI, Nicosia SV, Wang H-G, Tsang B, Cheng, JQ. Akt Regulates X-
linked inhibitor of apoptosis, XIAP: A Mechamsm to Antagonize Cisplatin-Induced Apoptosis in
Human Ovarian Epithelial Cancer Cells. 19" Annual Meeting on Oncogene, 2003.

Sun M, Yuan Z, Yang L, Feldman RI, Yeatman TJ, Jove R, Nicosia SV, Cheng JQ. AKT?2
Inducible Gene hHb1-AN Feedback Activates PI3K/Akt Pathway and Promotes Cell Proliferation
and Cell Survival. 19™ Annual Meeting on Oncogene, 2003.

Yang L, Sun M, Yang H, Dan HC, Nicosia SV, Cheng JQ. Akt/PKB Inhibits HtrA2/Omi-
stimulated Apoptosis through Direct Disruption of its Serine Protease Activity. 19" Annual
Meeting on Oncogene, 2003.

Yuan Z, Feldman RI, Sussman GE, Coppola D, Nicosia SV, Cheng JQ. ASKI1 is a target to
overcome Akt induced cisplatin resistance. 19" Annual Meeting on Oncogene, 2003.

Cheng JQ. Akt and prenylation inhibitors as potential reagents to overcome p53-assocated
chemoresistance in human ovarian cancer. The Gynecologic Oncology Group Meeting, 2003.

Invited Presentations:

Akt and prenylation inhibitors as potential reagents to overcome p53-assocated chemoresistance in
human ovarian cancer. The Gynecologic Oncology Group Meeting, 2003.

PI3K/Akt as critical target for cancer intervention. American Society of Clinical Oncology,
Molecular Therapeutics Symposium. San Diego, California, 2002
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Role of the Akt oncogene in human ovarian cancer. Third Annual International Conference on
Ovarian Cancer, Houston, Texas, 2002

PI3K/AKT pathway in Cell Survival, Cell Cycle and Differentiation. M.D. Anderson Cancer
Center, Houston TX, April 25, 2002

AKT pathway and human oncogenesis. M.D. Anderson Cancer Center, Houston TX, January 6,
2002

Phosphatidylinositol-3-OH kinase/Akt pathway and cell survival. The Joy McCann Culverhouse
Airway Disease Center, USF, Florida, 2001

PI3K/AKT pathway and human malignancy. University of Ottawa, Ontario, Canada, 2001.
Akt/PKB as a critical target for cancer prevention. Berlex Bioscience, Richmond, California, 1999.
PI3K/Akt pathway in human cancer. Berlex Bioscience, Richmond, California, 1998.

Cloning strategies of oncogenes and tumor suppressor genes. Beijing Institute for Cancer Research,
Beijing, China, 1998.

PI3K/Akt pathway in cell cycle and apoptosis. Chinese Academy of Medical Science and Peking
Union Medical College, Beijing, China, 1998

Tumor suppressors pl6 and NF2 in human malignancy. Tianjin Medical School, Tianjin, China,
1998.

Akt survival pathway in human malignancy. Beijing University, Beijing, China, 1998.

Platform Presentations:

Yang L, Sun M, Yang H, Dan HC, Nicosia SV, Cheng JQ. Akt/PKB Inhibits HtrA2/Omi-
stimulated Apoptosis through Direct Disruption of its Serine Protease Activity. 19" Annual
Meeting on Oncogene, 2003.

Yuan, Z., Kaneko, S., Dan H-C., Nicosia, S.V., and Cheng, J.Q. Akt/PKB Binding Protein,
APaB, Mediates Akt Survival Signal through Activation p21-activated Kinase. Oncogene Meeting,
2001

Jiang, K., Coppola, D., Crespo, N.C., Nicosia, S.V., Hamilton, A.D., Sebti, S.M. and Cheng, J.Q.
The phosphomosmde 3-OH k1nase/AKT2 pathway as a critical target for farnesyltransferase
inhibitor-induced apoptosis. 15" Annual Meeting on Oncogenes and Tumor Suppressors. National
Cancer Institute, 1999.
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Cheng, J.Q., Lee, W.-C. and Testa, J.R. Frequent mutation of the NF2 gene and deletion of
chromosome 22q13 in malignant mesothelioma: evidence of two-hits of NF2 inactivation.
Conference of International Association for the Study of Malignant Mesothelioma, Philadelphia,
1997.

Cheng, J.Q., Jhanwar, S.C., Klein, W.M., Nobori, T. and Testa, J.R. pI6 alterations in malignant
mesothelioma. Conference of International Association for the Study of Lung Cancer, Colorado
Springs, 1994.

Cheng, J.Q., Ruggeri, B., Klein, W.M, Altomare, D.A. and Testa J.R. Amplification of 4K72 in
human pancreatic cancer cells and inhibition of AKT2 expression and tumorigenicity by antisense
RNA. 85th Annual Meeting of American Association for Cancer Research, San Francisco, 1994.

Cheng, J.Q. Cai, L.P. Wang, T.R. Zhang, S.S. and Xin, Y.L. Effects of omentumectomy on
alimentary tract perforation and abdominal cavity infection: an experimental observation.
International Thoracic Surgery Conference, Beijing, 1986.

Predoctoral and Postdoctoral Trainees:
Ph.D.:

1998-2002  Zenggiang Yuan, Graduate student,
(obtained three years’ Predoctoral Fellowship from Department of Defense)

1999-present Mei Sun, Postdoctoral
(submitted Postdoctoral Fellowship to Department of Defense in 2001.6)

Satoshi Kaneko, Postdoctoral

2000-present Hua Yang,  Research Associate
Tanya Gritsko, Postdoctoral
Hansso Lee, Postdoctoral
Lin Yang, Postdoctoral
Han-cai Dan, Graduate student
Grace Sui, Graduate student

2001-present June Paciga Research Associate
Donghwa Kim Postdoctoral
Sungman Park Graduate student
Kirk Townsend Graduate student

1997 Ai-xie Liu, Postdoctoral
(finished 1998, now Research Associate at University of Pennsylvania)

1998 Gen Wang, Postdoctoral
(finished 2000, now Research Associate at University of British Columbia,
Canada)

Kun Jiang, Postdoctoral
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M.D.:

1995-1996

1999-2000

Jin Q. Cheng, CV

(finished 1999, now Research Associate at USF).
Chuan H. Cao, Postdoctoral
(finished 1999, now postodoctoral at USF).

Edward R. Sauter (Now Assistant Professor at Thomas Jefferson University,
Philadelphia)

Xiao-ling Mao (Due to her accomplishment in my laboratory, she was awarded in
Pathology Annual Research Conference. Now Fellowship at University of Texas).

2001 Marianna Szabo (Now at Moffitt Cancer Center)

Undergraduate and high school student:

1999 Jannifer Chang (Boston University, MA)

2000 Teffini (University of South Florida, Tampa, FL)
Gene Susman (Long Island High School, New York)

2001 Jason Ou (Rice University, Houston, TX),
Gene Susman (Long Island High School, New York)
Ellen Sun (Whaton High School, Tampa, FL)

Ph.D. Thesis Committees:

1998-2000:
1998-2001:

1998-2002
1999-present
2001-present

2001-present
2002-present
2002-present
2002-present
2002-present

Todd Samelman, (Graduated in May 2000, now student at University of North
Carolina)

Honggian Zhang, (Graduated in March 2001, now postdoctoral at H. Lee Moffitt
Cancer Center)

Michelle Alfonso-De Matte, graduate student at Department of Pathology, USF

Wilson Yuan, graduate student at Department of Pathology, USF

Caroline Desponts, graduate student at Department of Biochemistry and Molecular
Biology, USF

Nicole Johnson, graduate student at Department of Pathology, USF

Feng Jiang, graduate student at Department of Pathology, USF

Han C. Dan, graduate student at Department of Pathology, USF

Kirk Townsend, graduate student at Department of Pathology, USF

Sungman Park, graduate student at Department of Pathology, USF

Teaching Activities:

1998-present

1998-present

Lectures for graduate student seminar series.

I have had four graduate students and 10 postdoctoral fellows during this time. One
graduate student obtained a three-year Fellowship from the Department of Defense.
Three postdoctoral fellows and 2 graduate students received research and travel
awards at different Research Conferences.
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2001

2001

2001

Jin Q. Cheng, CV

Advance Cell Signaling (Spring Semester; The course was opened by myself; Two
hours/week; GMS 7930, Section 008, Reference #17924; 2 credits).

Tumor Genetics (Summer Semester; The course was opened by myself, Two
hours/week; GMS 7930, Section 003, Ref. #52431, Session B, 3 credits).

Advance Cell Signaling (Fall Semester; The course was opened by myself, Two
hours/week; GMS 7930, Section 005, 3 credits).

Editorial Service:

Proceedings of National Academy of Sciences of United States of America
Oncogene

Cancer Research

Molecular Cancer Research

Molecular Cancer Therapeutics

Carcinogenesis

Molecular Carcinogenesis

Biochimica et Bioophysica Acta

Gynecologic Oncology

Physiological Genomics

Professional Societies:

American Association for Advancement of Science
American Association for Cancer Research

American Society for Microbiology

American Society for Biochemistry and Molecular Biology

USF Committee:

As member:

Graduate Council (2001-present)

Research committee (1999-present)

LEMC committee (1998-1999)

Medical School Student Learning communities (2001-present)
Department APT committee (2002-present)

As chair:

Graduate Student Oncology Section USF/HSC Research Day (1998-2002)

Consultant:

Berlex Biosciences, Richmond, CA.
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